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ABSTRACT
Surface microlayer (SM) samples were collected with a rotating cylinder sampler 
from the York and Elizabeth River estuaries of southern Chesapeake Bay every other 
month from May 1994 through June 1995. Characteristics, such as total suspended particle 
concentration (TSP), total particulate nitrogen (PN), particulate organic carbon (POC), 
dissolved organic carbon (DOC) and polycyclic aromatic hydrocarbons (PAHs) in the SM 
were determined. In addition, two intensive samplings were conducted in the York River 
during different seasons: one in December 1994 and another in June 1995, in which four 
SM samples were collected during each intensive sampling within four days. TSP 
concentrations in the SM were found to be up to 1000 times higher than in the 
corresponding subsurface water, and to be exponentially associated with the wind speed 
at sampling. A relatively larger POC/TN ratio in the Elizabeth River SM compared with 
that in the York River SM was also observed. No seasonal trends were noticed in the SM 
characteristics; however, TSP, POC and TN concentration in the SM were significantly 
related with wind speed.
Dissolved and particle-associated PAHs were measured in the SM of both the York 
and Elizabeth Rivers. Particulate PAH concentrations were exponentially related with TSP 
as well as POC at both study sites, but a significant relationship between dissolved PAHs 
and DOC was observed only at the York River site. PAHs were significantly enriched in 
the SM of both sites relative to the subsurface water concentrations. In the particulate 
phase, the enrichment factors ranged from 5 to 140 and 5 to 5,300 for the Elizabeth and 
York Rivers, respectively. Enrichment factors in the dissolved phase were much smaller; 
1 to 10 for the Elizabeth River site and 2 to 20 for the York River site. Furthermore, both 
particle-associated and dissolved phase enrichment factors were strongly influenced by 
wind speed at the Elizabeth River site, whereas, only particulate phase enrichment factors 
were dependent on wind speed at the York River site.
Photodegradation and particle sorption kinetics of PAH compounds was also 
examined in selected SM samples. PAH concentrations in the SM were observed to 
decrease exponentially with solar irradiance. Shorter half lives were observed in the SM 
compared to those in bulk water with the same irradiance. Submergence depth affected the 
photodegradation rate constants significantly with half lives in water surface 1.4 to 5 times 
higher than below 14cm depth. Sorption of PAHs to SM particles were observed to have 
an initial rapid uptake followed by a much slower approach to steady state. In the 
Elizabeth River SM, the organic carbon normalized partition coefficient (K,*. app) at steady 
state was significantly higher than in York River SMs. In addition, the partition 
coefficients were also correlated with total suspended particle (TSP) level and POC/TN 
ratio of particles. The first order sorption rate constants for PAHs increased with 
compound hydrophobicity (K^) and equilibrium partition coefficient (K .^ ^ ) ,  whereas 
intraparticle diffusion coefficients decreased with compound hydrophobbicity and particle 
size.
xiii
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CHAPTER I: GENERAL INTRODUCTION
Background/Theory 
Surface Microlayer and SOC Enrichment
The surface microlayer (SM) is the top 30 to 300 /nn of a water body and is the 
region of an aquatic environment that is first encountered by substances depositing from 
the atmosphere. The composition of the SM is uncertain due to variability in source 
materials, nonetheless, numerous substances accumulate at the surface of a water body 
including lipids and other amphophilic organic chemicals such as surfactants, which exhibit 
a particularly strong interfacial affinity. MacIntyre (1974) described lipid substances as 
"dry" surfactants because most of the molecule consisting of a hydrocarbon chain, sticks 
up above the water surface with an ionized or otherwise hydrophilic head sticking into the 
water. Fatty acids are the main components of SM lipids. Due to their well known 
surface activities, wave-damping properties and well documented occurrence in the SM, 
fatty acids have been considered to be representative of a significant fraction of SM 
dissolved organic matter (Carlson, 1983). Other amphophilic organic chemicals, such as 
proteins, polysaccharides and their degradation remnants generated by phytoplankton are 
also observed in the SM (Williams et al., 1986; Frew et al., 1990). Both dissolved and 
particulate amino acids and carbohydrates in the sea surface microlayer (^250pim) near the 
coast of Baja California were also found concentrated compared subsurface water collected 
from 5-15cm below (Henrichs and Williams, 1985). Proteinaceous substances are 
described as wet surfactants because most of their structures are submerged. As a result
2
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of its organic nature, semivolatile organic contaminants (SOCs) preferentially associate 
with biotic and abiotic organic matter. Thus, the abundance of organic material in the SM, 
gives it a larger capacity than the subsurface waters for organic contaminants, making the 
SM a region of pollutant accumulation.
Markedly enhanced concentrations of many SOCs such as polychlorinated biphenyls 
(PCBs), insecticides, and pesticides, have been observed in the SM compared to subsurface 
water. For example, total polycyclic aromatic hydrocarbon concentrations in surface 
microlayer were found 10-1000 times higher than that in subsurface water (Kucklick and 
Biddleman, 1994). Duce and Quinn (1972) reported that concentrations of hydrocarbons 
and chlorinated hydrocarbons, as well as lead, nickel, copper, and fatty acids, are enriched 
from 1.5 to 50 times in the top 100 to 150 /xm of Narragansett Bay water relative to bulk 
water from 10 cm below the surface. Enrichment factors of 10?-104 for PCBs in the SM 
have been reported from different water bodies (Larsson et al., 1974). Further, Meyers 
and Kawka (1982) compared surface microlayer organic content with that from several 
subsurface waters and found hydrocarbon concentrations of microlayer particulate matter 
to be more than one order of magnitude higher than those in subsurface particles; however, 
average concentrations of hydrocarbons in the SM dissolved phase were approximately the 
same as that in subsurface water. SOCs have a strong affinity for particulate organic 
carbon and biological lipid pools due to their hydrophobic-lipophilic nature. A large 
percentage of upper water column particulate material (e.g., algae, fecal pellets, and 
detritus) is generated in situ, and particle surfaces contain much more organic matter than 
suspended sediments (Bergen et al., 1993). Increased accumulation of SOCs by SM
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
particulate matter may be the result of higher suspended particle and organism 
concentrations, greater organic carbon content of SM particulate matter, and proximity of 
SM particles to atmospheric sources of SOCs.
The surface microlayer is also a major site of biological activity; surface 
microlayers have been reported to have different microbiota and a considerably greater 
number of microorganisms than the subsurface waters (Hardy, 1982; Parker and Barsom, 
1970; Cullen et al., 1989). For example, Harvey (1966) found enrichment of 
microorganisms in the SM relative to subsurface waters and Crow et al. (1975) evaluated 
surface slicks and found microbial populations of the SM were at least 100 times greater 
than those in water from 10cm below the surface. Moreover, organisms known as neuston 
have adapted to the specialized environment of the SM by active swimming movements or 
other means to avoid sinking. Neuston in the SM includes early stage larvae, algae, 
bacteria, protozoa and fungi, which serve as the diet of sea birds and migrating neuston 
(MacIntyre, 1974; Sieburth et al., 1976; Kingsford and Choat, 1986).
High concentrations of pollutants in the SM not only affect the larvae of organisms 
but may also indirectly affect marine animals and potentially humans through food chain 
transfer. Cross et al. (1987) determined the relative toxicides of SM samples and showed 
developmental abnormalities and chromosome aberrations in fish embryos. Westemhagen 
et al. (1987) tested the impact of SM slick on embryonic development and the data indicate 
clear effects of SM on hatching of herring and turbot. Rapid sorption of HOCs by biotic 
and abiotic organic materials which accumulate at the interface may retard gas exchange 
of chemicals between the atmosphere and a water body. The extent of retardation will be
4
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dependent on the coherence or coverage of the film, its thickness, chemical composition, 
the amount and nature of particulate matter, and the characteristics of the diffusing 
substance. Finally, biological and photochemical transformations of SOCs in the SM may 
be influenced by retention in the SM and have a substantial effect on the fate of these 
contaminants in aquatic environments.
SOC Phase Distributions and Sorption Kinetics
SOCs are classified into three states of existence in a water system: freely 
dissolved, bound to dissolved organics or colloids (i.e. nonsettling solids), or sorbed to 
particulate matter. The former two fractions are difficult to separate by normal mechanical 
methods such as settling, filtration, or centrifugation (Carter and Suffet, 1982; Hassett and 
Anderson, 1982; Yin and Hasset, 1989). Further, it is known that only the freely 
dissolved SOC fraction in the aquatic environment is related to thermodynamic activity 
(fugacity) which determines phase equilibrium, diffusive transport between the air and 
water, and to a large extent, biological toxicity. However, the existence of a bound or 
sorbed component in the water phase significantly affects the environmental behavior of 
SOCs, because this fraction provides a reservoir for the release and storage of freely 
dissolved SOCs. Moreover, the rate of photochemical and biological transformation, mass 
transfer to sediments, and bioaccumulation may be different for colloid-bound and 
particulate sorbed fractions, relative to freely dissolved SOCs.
The behavior and fate of SOCs in environmental systems is highly dependent upon 
the manner in which the species is distributed between the various compartments present 
in that system. Karickoff et al. (1979) studied the sorption of hydrophobic pollutants on
5
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natural sediments and found that SOC particle-water distribution coefficients (K^ were 
directly related to organic carbon content of the sediment. This distribution coefficient is 
defined by:
c.
C, ( 1 . 1 )
(where Cp w and Cf w are the particle-associated and freely dissolved concentrations of a 
chemical in water, respectively. When normalized to organic carbon content:
where F .^ is the fractional mass of particulate organic carbon and K^ . is the particulate 
organic carbon-water distribution coefficient for an SOC. Karickoff et al. (1979) 
developed a relationship between K .^ and the octanol-water partition coefficient (K^) for 
hydrophobic compounds:
illustrating that the distribution of SOCs between the sediment organic phase and water is 
analogous to partitioning between n-octanol and water. Various researchers (Baker et al. , 
1986; Di Toro et al., 1991; Ball and Roberts, 1991) have subsequently shown similar, 
although quantitatively different relationships (i.e. the slope and intercept of the line in 
equation 3 vary with the concentration, type and quantity of sediment or soil) for HOC 
particle-water distribution coefficients. Deviations from equation 3 for various systems
( 1 . 2 )
logfCoc = logfCow- 0 .2 1 ( 1 . 3 )
6
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indicates the effect of nonhydrophobic interactions and kinetic limitations on sorption 
(Karickoff, 1984). In aquatic environments, a large fraction of the particulate organic 
matter is generated in situ, (e.g., algae, fecal pellets and detritus). The surface layer of 
water-borne particles formed in situ contains much more organic matter than suspended 
sediments (Bergen, 1993), hence, SOCs are readily incorporated into these matrices by 
passive diffusion and active uptake (Riznyk et al., 1987). Humic substances, synthetic 
surfactants and other forms of dissolved organic matter also accrue SOCs within natural 
waters increasing their apparent solubility (Chiou et al. 1986, 1987; Kile and Chiou, 1989; 
Kile et al., 1990; Pardue et al., 1993) and decreasing SOC sorption to particulate matter 
(Chin et al., 1990). For example, Chiou et al. (1986) found that a significant fraction of 
DDT and PCBs in natural waters may be bound to dissolved humic materials and synthetic 
surfactants. The surface microlayer not only has high concentrations of hydrophobic 
organic pollutants, but also accumulates more particulate and dissolved organic 
compounds, such as aerosols, waterborne particles, and humic materials, than subsurface 
waters. Thus, it is important to have an understanding of the distribution of SOCs among 
the dissolved, colloidal, and particulate phases in the surface microlayer, in order to 
properly assess the fate and transport of SOCs deposited at the air-water interface.
Particle sorption and desorption rates may control the extent of distribution of SOCs 
in natural waters. Particle sorption of SOCs is thought to consist of two processes: (1) a 
rapid initial sorption of compounds from the bulk solution onto the surface of particulate 
matter, and (2) a slow distribution of solute between the surface of the particle and inner 
sorbing sites of immobilization (Wu and Gschwend, 1986; Brusseau, 1991; Ball and
7
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Roberts, 1991; Wang and Govind, 1993). The Langmuir equation can be used to describe 
the initial surface uptake by particle adsorption (Wang and Govind, 1993):
c {1 4,P , »  1 +m r  ■
f, W
where Cp w and Cfw are the SOC concentrations in the sorbed and liquid phases, 
respectively, Cp e is the maximum sorption capacity, and Y is the ratio of sorption rate 
constant to desorption rate constant. Slow SOC distribution into particles may be 
characterized by a radial diffusive penetration model (Wu and Gschwend, 1986):
d C ( r )  _ n r d2C( r )   ^2 d C { r )  1 ( 1 . 5 )
a t  a r  2 r  d r  1
where C(r) is local total volumetric concentration at r distance from the particle center and 
Deff is the effective intraparticle diffusion coefficient defined by:
° ef f= ( l - n ) p s Kd ( 1 , 6 )
where Dm is the pore fluid diffusivity of the sorbate (cnf/s), n is the porosity of the sorbent 
(cm3 of fluid/cm3 total), ps is the specific gravity of the sorbent (g/cm3), and K,, is the 
equilibrium distribution coefficient between pore fluid and sorbent.
Uptake of SOCs by phytoplankton may be similarly described. Achman et al. 
(1993) found the mechanism for phytoplankton uptake (absorption) of PCBs is analogous 
to sorption of PCBs to sedimentary material. However, Swackhamer and Skoglund (1991) 
have shown that the rate of uptake of PCB congeners by phytoplankton is slow relative to 
algal growth during summer and therefore, PCB distribution to algae does not achieve
8
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equilibrium. Due to higher organic content, particles in the SM should have a higher 
sorption capacity and rapid initial uptake (equation 4) of SOCs. Nonetheless, an 
understanding of SOC uptake kinetics to SM particulate matter is important for determining 
the fate and effects of air-borne contaminants in an aquatic system such as Chesapeake 
Bay.
Photochemical Transformations
Photochemical processes also affect the fate of SOCs in the environment. For 
example, it has been demonstrated that photodegradation plays a key role in the 
environmental fate of anthropogenic chemicals, such as petroleum discharges, pesticides, 
herbicides, domestic and industrial wastes that contain organic chromophores and metal- 
organic complexes (Lee and Ryan, 1983; Zafiriou et al., 1984). This idea was tested by 
Lin and Carlson (1991) who demonstrated that the oceanic surface microlayer can be a site 
of very active photochemistry.
The air-water interface of an aquatic system should exhibit unique photoreactivity 
since this region accumulates high concentrations of organic matter, is exposed to a high 
level of light, and receives an influx of short-lived oxidants and radicals from the 
atmosphere. Direct photolysis reactions involve light-absorbing entities called 
chromophores which undergo chemical change as a direct consequence of absorbing 
photons. Surface slicks, regions where small surface waves have been smoothed, are 
especially rich in organic material, including UV-absorbing organic compounds. One 
group of UV-absorbing compounds that accumulate in surface microlayers are phenols, 
which have been shown to be photochemically active in natural waters (Hwang and
9
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Hodson, 1986).
Photochemical reactions affect the fate and toxicity of organic pollutants in natural 
systems and there are a number of photoreactions that occur in the environment. Hwang 
and Hodson (1986) studied the degradation of phenol and chlorophenol by sunlight in 
natural water by direct photolysis and found that photodegradation in natural waters is 
related not only with depth, but also with the presence of photosensitizers (e.g. humic 
materials). Humics are a widely reported class of organic complexes in the hydrosphere 
and are enriched in the SM (Sieburth et al., 1976; Williams et al., 1986). Lin and 
Carlson, (1991) used sea surface slicks and subsurface water to compare the influence of 
water composition on photochemical transformation. The results show that phloroglucinol 
(1,3,5-trihydroxybenzene) and TMP (2,4,6-trimethylphenol) degradation rates in 
microlayer slick were always faster than that in corresponding subsurface water.
Photodegradation kinetics can be described by the following equation (Mill and 
Mabey, 1987):
^  = -<$j  F F ( — ) ( 1 7 )ox s \  cx y ‘ ( ± . / j
where $  =  number of moles that photoreact/number of einsteins absorbed, is the reaction 
quantum yield, I,* is the light incident at wavelength X, A is the area exposed to the 
incident light intensity I, and V is the solution volume. FsA=l-10^a‘+6lC^  and 
F a  = ei/(al + e1C) are the fractions of light that are absorbed by the system and reactants 
in system, where ax and e* are absorbitivity of the water and chemical of interest at 
specific wavelength X. By substituting Fa and F a  into equation (1.7) and for the case
10
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when a x«exC and exC*l<0.02, equation (1.7) simplifies to the first order reaction rate 
equation:
_  = -2.3<£>JoXe x ( _ ) C = x C  ( 1 . 8)
where x=2.3d>Io;(exA*l/V is the photodegradation rate constant in which 1 is the light path 
length. Direct sunlight photodegradation of SOCs can be described by first order reaction 
kinetics (Mill et al., 1981; Kochany and Maguire, 1994). Thus, the photodegradation rate 
constant of the chemical at low water concentrations can be theoretically determined using:
X=2.3<J)JoXgx^  ( 1 . 9 )
where IOA:=LxR4 00.7 00 nm/£L 4(X).700nm, Lx is the solar irradiance value at a specified latitude 
and season for a wavelength interval in the range 297.5-330nm, RuxMoonm is experimental 
quantum meter reading and ^L^voonm is the sum of solar irradiance values over the 
wavelength range 400-700nm (Leifer, 1988).
Mill et al. (1981) studied the photolysis of two SOCs, benzo[a]anthracene (B[a]A) 
and benzo[a]pyrene (B[a]P), in surface water under direct solar radiation at midday in 
summer. The half lives for B[a]A and B[a]P were 5 hrs and 0.69 hrs, respectively. Zepp 
and Scholtzhaur (1979) found that half lives for phenanthrene, pyrene and B[a]P in inland 
lake water under direct summer sunlight were 4.2 days, 8.4 hrs and 0.54 hrs. Kochany 
and Maguire (1994) found that quinoline degraded readily in near surface water under 
sunlight at 40° N in summer, with a half life of about 7 calendar days which reduced to
11
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about 3 calendar days with DOM concentrations of 1 mg/1. It has also been noted that the 
photoreactivity of aquatic pollutants changes with partitioning between the dissolved and 
particulate phase in aquatic systems. Miller and Zepp (1979) studied the effect of 
suspended sediments on photolysis of DDE and DCA (3,4-dichloroaniline), and found both 
chemicals exhibited longer half lives when sorbed to sediments.
Influence of SM On Air-Water Exchange of SOCs
The SM may also affect gas transfer of SOCs between air and water (Mackay, 
1982). Recent studies have demonstrated the relative importance of diffusive gas exchange 
in determining the overall flux of semivolatile SOCs between the atmosphere and a water 
body (Mackay and Paterson, 1986; Baker and Eisenreich, 1990; Dickhut and Gustafson, 
1995). Characteristics of the SM thought to influence air-water gas transfer include a 
hydrodynamic effect in which turbulence in the interface region is rendered more sluggish, 
and a diffusive resistance which depresses volatilization rates. Mackay (1982) postulated 
that the diffusive resistance of surface films will be smaller for SOCs, as these substances 
may be quite soluble in the SM organic layer. However, it is also likely that the rate of 
molecular diffusion of SOC through the surface film is lowered by the viscous organic 
nature of the microlayer. Furthermore, chemical and biological transformation, and 
particulate matter uptake should be considered in evaluating the mass transfer of SOCs 
across the air-water interface. Higher solubility, lower diffusivity, and rapid uptake and 
transformation of SOCs in the SM would alter the rate of air-water gas transfer of these
12
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substances in the presence of surface films. The volatile-absorptive exchange of organic 
chemicals between the atmosphere and an aquatic system is driven by the SOC 
concentration or fugacity gradient between the compartments. The air/water exchange 
equation in the two film model (Liss and Slater 1974) is expressed as:
where k^ ,, is the total reciprocal resistance (l/rTOX) or overall air-water mass transfer 
coefficient.
A more convenient two-phase partitioning model was developed by Mackay (1982):
using the fugacity difference (Af) between two reservoirs as the driving force (Figure 1.1). 
The fugacity approach has been widely used in modeling mass transfer in 
multicompartment environments (Yin and Hasset, 1989; Baker and Eisenreich, 1990; 
Mackay and Paterson, 1991; Sproule et al., 1991). Fugacity, described as the escaping 
tendency of a chemical from a designated phase such as water, air, sediment, or biota is 
linearly related to concentration. The relationships between concentrations and fugacities 
in air and water are:
(1 . 10 )
I_ = -L+JL ( l . i i )
F = - k A f (1 . 12 )
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Figure 1.1. Two-film model of air-water interface
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where z* = 1/H is the fugacity capacity of the water.
The two film model considers only the existence of air and water stagnant layers 
at the surface of a water body. However, it is well established that surface films which 
form at the air-water interface are generally organic in nature. This film or 
microlayer may add additional resistance (rsm) to mass transfer of gaseous substances 
between the atmosphere and surface waters. Thus, a three film model (Figure 1.2) may 
be necessary to model the air-water exchange of SOCs if the transfer resistance of the 
organic-rich surface film is significant. The air-water flux in terms of resistances may then 
be viewed as:
F =  f " ' f ‘  ( 1 . 14 )
r  + r  + rw sm a
where rw, rsm and ra are the water layer, surface microlayer, and air layer resistances to 
mass transfer, respectively. Accumulation of SOCs in the surface microlayer may 
significantly affect the concentration gradients, hence influence the air/water exchange.
Moreover, particulate matter and live phytoplankton uptake, as well as 
photochemical and biological transformation of SOCs, should be considered in assessing 
air-water gas transfer. If scavenging processes occur at rates similar to or faster than air- 
water gas transfer, then the SM can not be viewed as a simple, inert layer, which only 
augments one term of resistance. In such a case, the SM should be viewed as a separate 
compartment, in which a variety of SOC fate and transport processes occur (Figure 1.2),
15
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Figure 1.2. Proposed three-film model of the air-water interface
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in assessing SOC vapor exchange.
Surface Microlayer Sampler
More than 20 different sampling techniques have been used to sample the SM 
(Hardy, 1982). Each collects a somewhat different depth and type of biological or 
chemical sample and this has led to difficulty in comparing results of different 
investigations. Garrett and Duce (1980) have defined five necessary characteristics of SM 
sampling: (1) the sampling surface should be chemically inert to avoid sample 
contamination, (2) the surface area and thickness of SM sampled must be defined 
sufficiently to calculate the concentration and enrichment of film compounds, (3) the 
sampling efficiency must be known to obtain true concentration data, (4) the device should 
be simple to use, easy to clean and portable in a relatively small vehicle, and (5) the device 
operation should avoid contact with subsurface water as much as possible. Harvey (1966) 
first designed the rotating drum SM sampler. This surface collector uses a smooth, 
rotating cylinder whose surface is readily wetted by water. The thickness of the SM 
sample collected by the drum (AY) depends on the speed of rotation (s) and sampling time 
(t) such that:
A y = — - ( i . i 5 )n d l  t s
where d and I are the drum diameter and length, respectively.
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Hypotheses/Objectives
The surface microlayer (SM) is organic in nature and exists at conditions of low 
wind speed (< 4  m/s) (UNESCO, 1985). Consequently, SOCs accumulate in the SM due 
to their strong affinity for organic material. Association of SOCs with surface microlayer 
organic matter may directly affect biota and alter the exchange rate of SOCs across the air- 
water interface, thereby altering the diffusive loading of these semivolatile pollutants to a 
water body. It is also suggested that the SM is a photochemically active region allowing 
for degradation of SOCs by photochemical mechanisms. The primary hypothesis of the 
proposed research is that the nature of the SM may significantly affect the fate and 
transport of SOCs after entering the air-water interface of a water body. The working 
hypotheses of the proposed research are:
1. SOCs will accumulate in the surface microlayer due to high total suspended 
particle concentrations and dissolved organic carbon concentration in this region.
Variation in SM composition and concentration of SOCs both in particulate phase and 
dissolved phase will be affected not only by season, but by the weather, including wind 
speed and direction, tide, solar irradiance, precipitation and river runoff before sampling.
2. SOC phase distribution may be in disequilibrium compared with that in subsurface 
water. This is probably due to instant atmospheric loading, preferential association with 
colloids, and volatilization.
3. The SOC sorption mechanism will consist of two or more steps with an initially 
rapid uptake to be followed by slower accumulation due to absorption or intraparticle 
diffusion. SOC intraparticle diffiission can be characterized by a radial diffusive
18
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penetration model, and effective diffusivity can be derived.
4. High sunlight intensity in the SM will result in significantly greater photochemical 
degradation of SOCs relative to subsurface water. Photochemical degradation rates of 
SOCs will vary seasonally with sunlight intensity, DOC concentration and particle 
concentration.
5. Relative uptake rates of SOCs from the vapor phase (atmosphere) by SM-covered 
surface water will be larger than that of subsurface water. SOC uptake by a media is 
mainly affected by its DOC concentration, particle concentration and particle composition. 
Each of these variable is higher in the SM relative to subsurface water. Thus, SOC uptake 
from air by the SM is expected to be greater than for subsurface water.
The overall objective of this research is to illustrate the influence of various 
processes occurring in the SM on the fate and transport of SOCs across the air-water 
interface of a surface water body. The specific objectives of the proposed research are, 
to determine the following for the surface microlayer of lower Chesapeake Bay:
1. The spatial and temporal variability in distribution of selected SOCs between the 
dissolved and particulate phases,
2. PAH sorption kinetics between the particulate and dissolved phases of the surface 
microlayer and effective intraparticle diffusivities for SOC uptake by SM particles,
3. The significance and seasonal differences in photochemical transformation of selected 
SOCs, and the effect of particle and DOC associations of SOCs on the photochemical 
transformation in the SM,
4. The relative uptake rate of selected SOCs from vapor phase by SM material.
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Chapter n. Surface Microlayer Characteristics and Enrichment of 
Organic Matter in Southern Chesapeake Bay
2 0
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Abstract
Surface microlayer (SM) samples were collected with a rotating cylinder sampler 
from the York and Elizabeth River estuaries of southern Chesapeake Bay bimonthly from 
May 1994 through June 1995. Two intensive samplings were also conducted in the York 
River during different seasons; one in December 1994 and another during June 1995. 
Four SM samples were collected during each intensive sampling within four days. All the 
samples were analyzed for total suspended particulates (TSP), particulate nitrogen (PN), 
particulate organic carbon (POC) and dissolved organic carbon (DOC). TSP in the SM 
was found to be up to 1000 times higher than in the corresponding subsurface water, and 
to be exponentially related with the wind speed at sampling. No seasonal trends were 
observed in the SM characteristics; however, TSP, POC and TN concentrations in the SM 
were significantly related to wind speed. An enrichment of DOC in the SM relative to 
subsurface bulk water was also observed at both sampling sites.
21
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Introduction
The surface microlayer (SM) is the top 30 to 300 urn of a water body and is the 
region of an aquatic environment that substances depositing from the atmosphere encounter 
first. Numerous small MW substances accumulate at the sea surface including lipids and 
hydrophilic or amphophilic organic chemicals that exhibit a particularly strong interfacial 
affinity. The accumulation of organic matter, especially of organic compounds with 
tension-active properties, also causes a lowering of surface tension values (Harvis et al., 
1967). Consequently, organic matter is enriched in the SM as compared to related 
subsurface water (Ewing, 1950; Parker and Barsom, 1970; Hunter and Liss, 1977; 
Pojaseck and Zajesek, 1978; Garabetian et al 1993; Napolitano and Richmond, 1995), 
however the composition of the SM is uncertain due to variability in source materials and 
its dynamic nature. Moreover, many organic pollutants, such as polycyclic aromatic 
hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), pesticides and other organic 
pollutants, may be concentrated in the SM (Larsson et al., 1974; Hardy et al, 1990; 
Kucklick and Biddleman, 1994; Liu and Dickhut, 1996).
Processes occurring in the surface microlayer make it far more important than the 
size or temporal stability of the reservoir might indicate. Three potentially important 
interfacial processes in the SM include conversion of dissolved organic materials to 
particulate form, conversions of low-molecular-weight materials into higher-molecular- 
weight substances, and photochemical transformation (Carlson 1993). The SM is also a 
site of high biological activity; it has been reported to have different microbiota and a 
considerably greater number of microorganisms than subsurface waters (Hardy, 1982;
22
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Parker and Barsom, 1970; Hardy and Apts, 1989; Cullen era/., 1989; Nesterova, D.A. 
1990; Maki and Hermansson, 1994). Several recent studies have demonstrated that 
exposure of fish eggs or larvae to contaminated SM from Puget Sound, the North Sea, or 
Southern California nearshore areas results in an increase in chromosomal abnormalities 
in developing embryos, larval abnormalities and mortality (Cross et al 1987; Hardy et al, 
1987). Therefore, from an environmental perspective, the SM is perhaps one of the most 
important, but poorly characterized regions of the marine environment.
Chesapeake Bay receives industrial and agricultural pollutants from a variety of 
sources (Webber, 1983; Glotfelty et al 1990; Leister and Baker, 1994). The concentration, 
exposure level and residence times of these organic pollutants depends on their 
biogeochemical cycling in the SM, water column and sediments. Thus, to better 
understand the fate and effects of contaminants in an aquatic environment, it is critical to 
quantitatively understand the structure of the SM, as well as the factors controlling the 
properties of the SM. In this paper we describe the spatial and temporal variability of total 
suspended particulates (TSP), particulate organic carbon (POC), particulate nitrogen (PN) 
and dissolved organic carbon (DOC) in the SM of two southern Chesapeake Bay 
tributaries, and relate these characteristics to physical factors that control the stability of 
theSM.
Experimental Methods
Study Area. Two estuaries adjacent to southern Chesapeake Bay were sampled 
bimonthly during this one-year investigation: the York and Elizabeth Rivers (Figure 2.1).
23
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Figure 2.1. SM sampling sites in the Southern Chesapeake Bay region
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The York River site is located at 36°53.2'N, 76°21.3'W and is considered a semiurban 
site, it is located approximately 5 km northwest of a coal/oil fired power plant and oil 
refinery, and 1 km east of a major vehicular river crossing. The Elizabeth River site, 
which is located at 37°14.3'N, 76°14.5'W, is considered an industrialized site 
representative of contaminated river estuaries. This site is in close proximity (< 5  km) to 
Lambert's Point coal terminals, Norfolk Naval Station, and Portsmouth Naval Shipyard; 
in addition, the site is located centrally within the Hampton Roads metropolitan area with 
a population of about 1.5 million.
Sampling. A rotating cylinder sampler was used to collect the SM samples. 
Briefly, the sampler consisted of an aluminum frame that supported a Teflon coated 
stainless steel cylinder. The frame of the sampler was designed so that the submergence 
depth of the sampling cylinder could be adjusted to achieve optimal sampling efficiency 
and minimum subsurface water contact. A Teflon blade was mounted on the sampler's 
surface to remove the SM sample as it was picked up by the cylinder. The sampler was 
deployed from a battery operated vessel to minimize contamination. At each site prior to 
SM sample collection, the cylinder was rotated in the surface water for about 15 min to 
remove material that may have adhered to the cylinder during transport.
Integrated SM samples were collected over a =1 mile transect. Sampling was 
conducted on a bimonthly basis at both study sites; however, at the York River site, two 
intensive samplings were conducted over 4 days to evaluate the short term variability in 
SM properties. The SM samples were collected in precleaned 4 L amber glass bottles 
using a precleaned stainless steel funnel, and stored in a cooler for transport to the lab.
25
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Subsequently, the SM samples were homogenized by mixing for about 1 min and 
subsampled for TSP, POC, PN and DOC analyses. SM particle was also separated into 
<  25^m and k25/zm fractions using 25/tm pore size stainless steel screen sieve (Baxter) 
by sieving the SM media through by gravity. The TSP in both size fractions of SM after 
sieving was also determined.
SM Characteristics Determination. TSP was determined by filtering 
homogenized SM through preweighed 47mm glass fiber filters (Gelman Type A/E- 
norminal pore size 1 /tm) and dried at 6CPC for 24 h. Filters were then weighed again to 
determine their net weight, and TSP was calculated using the following equation:
_ f i n a l  -  i n i t i a l  f i l t e r  w e i g h t  (mg) ( 2 . 1 )
f i l t e r e d  m e d i a  v o l u m e  (?)
with reported values representing the average of three replicates. DOC was determined 
using a Shimadzu TOC-500 carbon analyzer, and POC and PN were determined using a 
Carlo Erba NA-1500 elemental analyzer by the Virginia Institute of Marine Science 
nutrient analytical service laboratory.
Results and Discussions
SM Characteristics. The thickness (aY) of the SM collected by the cylinder was 
determined by the following equation:
A Y  = — — ( 2 . 2 ) 
n d l t s
where V (ml) is the SM volume collected over time length t (min), s is the cylinder's speed
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of rotation (RPM), and d and 1 are the cylinder diameter (60.9 cm) and length (45.7 cm), 
respectively. Thicknesses for selected York River SM samples ranged from 28.3 /zm to 
70.8 /zm. The relationship (linear regression: r2=0.50, n=7) between wind speed and SM 
thickness at York River location was examined for nine sampling times and the result 
showed the SM thickness could be affected by wind speed. (Figure 2.2).
TSP for the York River SM ranged from 20.3 to 1500 mg/1, whereas in the 
Elizabeth River SM, TSP concentrations varied less ranging from 21.7 to 123 mg/1 (Figure 
2.2). The POC/PN ratio of the York River SM ranged from 7.6 to 15.7 with an average 
of 10.1, and in the Elizabeth River SM, POC/PN ranged from 7.8 to 34.7 with an average 
of 19.4 (Figure 2.3). For both sites, there were no seasonal trends in TSP concentrations 
or POC/PN in the SM. Moreover, the short-term variability in TSP and POC/PN at the 
York River Site was as large as the seasonal variability.
On average, TSP concentrations in the York River were higher than in the 
Elizabeth River SM (Figure 2.3), whereas surface water TSP levels between York and 
Elizabeth River were not significantly different (unpaired student t-test: p>0.9 , n=13) 
(Gustafson, 1996). TSP concentrations not only depend on sources (material density), but 
also on hydrological and meteorological parameters, such as wind speed. Major sources 
for SM and surface water TSP include primary production, terrestrial runoff and 
atmospheric deposition. As stated above, the Elizabeth River is located in an industrial 
area and is heavily contaminated by runoff and discharge. The saltmarsh basins in this 
area have been depleted or substituted by urban development. In contrast, the York River 
is located in a semirural area and saltmarsh basins are more numerous than in the Elizabeth
27
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Figure 2.2. Relationship of SM thickness and wind speed for selected samples in York 
River
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Figure 2.3. Seasonal and shorter term variability in TSP and POC/PN in York and 
Elizabeth River SM (error bars correspond to two intensive samplings in the 
York River)
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River. Therefore, lower TSP in the Elizabeth River SM compared with that of the York 
River may be due to decreased sources of low density particles such as saltmarsh detritus 
or primary production. Another important factor probably was the wind speed. Lower 
average wind speeds were recorded during sampling in the York River compared with that 
in the Elizabeth River, potentially allowing for a accumulation of particulate matter at the 
air-water interface in the York River in contrast to the Elizabeth River.
Particulates in the Elizabeth River SM had a significantly (p < 0.005, n=  17) higher 
POC/PN ratio (19.4±9.3) than those in the York River SM (10.1 ±2.8) (Figure 2.3). The 
POC/PN ratio provides particle source information; for phytoplankton the ratio is near 6.6 
(Redfield et al., 1963), and high POC/PN values may indicate sources such as terrestrial 
input (Canuel et al., 1995), woody debris, or petroleum discharge (Mcgroddy and 
Farrington, 1995). In the York River surface water, average chlorophyll a concentration 
ranged 10-14 jtg/l during 1984-1985 investigation (Virginia Water Control Board, 1986) 
and about 20 /xg/1 during 1986 (O’Reilly and Marshall, 1988). However, in Elizabeth 
River main stem surface water, the average chlorophyll a concentration ranged from 0.75 
to 3.68 fig/I in six week investigation during October to December, 1985 (Ray et al., 
1989). Therefore, that the average POC/PN ratio from the Elizabeth River was much 
higher than that of the York River SM, demonstrates that particulates of the Elizabeth 
River SM were enriched in industrial or terrestrial derived organic matter relative to SM 
particles collected in the York River where in situ biological production likely contributes 
a greater fraction of the TSP. Moreover, POC increased with TSP in both river SMs, but 
the POC/PN of the York River SM was relatively constant for all the samples, whereas in
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the Elizabeth River, POC/PN increased with TSP (Figure 2.4). These results further 
suggest a relatively constant source of TSP in the York River compared with the Elizabeth 
River, and that the TSP source to the Elizabeth River SM was predominantly 
allochthonous.
Dissolved organic carbon (DOC) exhibited less temporal and spatial variability than 
TSP and POC concentrations. DOC in the Elizabeth River SM ranged from 4.34 to 9.97 
mg/1 and in the York River SM ranged from 4.20 to 20.4 mg/1. The SM DOC 
concentrations were found related to POC and TSP concentrations. Though there was a 
relatively better r2 between DOC and POC in York River than Elizabeth River SM, the 
slopes were very similar for both sites (Figure 2.5).
Size Fractionation. SM Particulates were separated into two sizes: ^25 /zm and 
1-25 /zm. In York River SM samples, the percent mass in each particulate fraction 
appeared seasonal, with small (1-25 /zm) particles increasing through the winter and spring 
to a summer maxima of more than 50% of the TSP, whereas the larger size fraction of ^25 
/zm particulates made up the biggest component of the SM TSP in the late summer and 
winter (Figure 2.6). In the Elizabeth River, however, small particulates comprised >50% 
of the TSP throughout the year with little seasonal variability in the percent mass of small 
and large particles (Figure 2.6).
Most large particulates in the water column are from colonial phytoplankton, 
zooplankton, fecal pellets and detrital aggregates (Ward et al., 1994; Ko and Baker, 1995). 
Also, coagulation of small particles, such as particulates from atmospheric deposition may 
contribute to large particle fraction. Whereas small particle in water column were
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Figure 2.4 Relationship of POC (top Figure), POC/PN (bottom Figure) with TSP in the 
York ( •  ) and Elizabeth ( □  ) River SMs
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Figure 2.5 Relationship between POC and DOC in the York and Elizabeth River SMs
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Figure 2.6 Particle size contribution to TSP in York and Elizabeth River SMs 
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dominantly from nanoplankton, detritus and resuspended solids. Again, comparing SM 
particulate sizes from the two river systems suggests that higher primary production in the 
York River may contribute to the greater mass percent of large size fraction particulates 
observed in this system compared with the Elizabeth River.
Relationship between Wind Speed and TSP. Although no seasonal trends were 
observed in the SM characteristics, TSP concentrations in the SM were found to be related 
with to speed (Figure 2.7). In contrast, TSP in the subsurface water, which was sampled 
at the same time as the SM, was independent of wind speed (Figure 2.7). SM TSP 
decreased exponentially with wind speed while subsurface water TSP concentrations 
remained almost constant relative to SM TSP. The two relations converge as wind speed 
approaches 4 m/s, which is regarded as the upper-limit wind speed for SM existence 
(UNESCO, 1985). Considering the suspended particulates in the SM are typically 
hydrophobic or amphophilic, with densities lower than water, wind driven mixing would 
be the principle mechanism that distributes suspended particulates collected at the SM into 
the water column. This process can be described as first order mixing with TSP 
fluctuation in the SM resulting from wind force (shear stress), such that:
d ( TSP -  TSP )
s m s w  =  _  k  ( T S P  _  T s p  j  ( 2 . 3 )
m ix in g  '  SM SW
where is the wind driven mixing rate constant (s/m), TSPsm and TSPsw represent 
total suspended particulate concentrations in the SM and subsurface water, respectively,
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Figure 2.7 Top: Relationship between TSP and wind speed in the York River; bottom: 
fits to the first order mixing model of TSP in the York and Elizabeth River SMs
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and u is the wind speed (m/s), at 10 meter above water level for Elizabeth River and 40 
meter for York River.
Applying the integrated form of eq 3 to the TSP data for the York River yields 
a linear relationship between the natural log of the TSP gradient between the SM and 
subsurface water, and wind speed (Figure 2.7). The slope in this relationship depends on 
the wind shear at the air-water interface and the intercept depends on the quantity of 
particulate material available for mixing. Similar results were observed for the intensive 
sampling from Dec. 94 in the York River compared with the data collected throughout the 
year (regression slopes not significantly different at p>0.5, n=13), which supports the 
idea that the wind mixing rate constant and the SM TSP concentration of this site are 
controlled by physical rather than biogeochemical factors. Moreover, using the same 
model for TSP and wind data from the Elizabeth River site, gave similar results as those 
observed for the York River, with no significant difference between slopes (p>0.5 , 
n=  15), even though the wind speeds and SM TSP range were much narrower than those 
in York River SM. Similar slopes for plots of the integrated form of eq 3 for both sites 
indicated that the wind mixing of the SM was comparable at both locations. In contrast, 
differences in the intercepts for the York River relation and that of the Elizabeth River 
reflected the greater differences in SM and subsurface water TSP levels in the York River 
compared to the Elizabeth River (Figure 2.7).
Enrichment of TSP, POC and DOC in the SM. Particulate matter was found to 
be significantly enriched in the SMs of the York and Elizabeth Rivers relative to subsurface 
water (Figure 2.7); however, the enrichment was higher in York River SM than in Elizabeth
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River SM. As mentioned above, the TSP enrichment is affected both by wind speed and the 
quantity of particulates in the water column. Higher enrichment of TSP in the York River 
SM is due to both lower average wind speeds and lower surface water TSPs at this site 
during sampling compared to the Elizabeth River. Particulate organic carbon was also 
enriched in the SM relative to subsurface water in correspondence with the relationship 
between TSP and POC (Figure 2.4). In addition, dissolved organic carbon was significantly 
higher in both York River SM (p<0.02, n=18) and Elizabeth River SM (p<0.04, n=10) than 
in the surface water at each site. Accumulation of organic material in the SM is probably due 
to its density and hydrophobicity (MacIntyre, 1974) and surface tension properties of these 
materials (Jarvis etal., 1967).
Using the same type of model used for TSP, we found that accumulation of POC 
and DOC in the SM of both sites are related with wind speed (Figure 2.8). It is expected 
for POC since it is strongly associated with TSP, which is exponentially affected by wind 
speed, and a better relationship was observed for York River site than Elizabeth River. 
For DOC enrichment, the relationship between DOC and wind speed for York and 
Elizabeth River sites were found much weaker than POC, and furthermore, DOC data of 
York River fitted the model better than Elizabeth River. This is probably due to a wider 
wind speed and concentration range at York River site. DOC material is smaller in 
volume and more polar than POC, which is generally associated with TSP, and therefore, 
DOC is more practical to distribute between bulk water and SM, therefore wind driven 
mixing for DOC may be not as important as for POC.
38
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Figure 2.8 POC and DOC accumulations in the SM fit to the first order mixing model: 
top: relationship between POC and wind speed in York (□) and Elizabeth River ( • ) ;  
bottom: relationship between DOC and wind speed in York ( □) and Elizabeth River ( • )
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Summary
No seasonal trends were observed for characteristics, including TSP, POC, DOC 
and POC/PN in the SM of the York and Elizabeth Rivers during the one year sampling 
period. Short-term variabilities in these characteristics were as large as annual ones. The 
relatively larger average POC/PN ratio in the Elizabeth River compared with that in the 
York River suggested the Elizabeth River accepts a relatively higher fraction of 
atmospheric, urban or terrestrial Particulates than the York River. Although no seasonal 
trends were observed for SM properties at both sampling sites, they were strongly affected 
by wind speed, and the relationships between SM properties and wind speed determined 
over the long-term or short-term fitted a first order mixing model with similar coefficients. 
The results also showed TSP, POC and DOC were significantly enriched in the SM of both 
York and Elizabeth Rivers relative to subsurface water.
4 0
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Chapter IQ. Surface Microlayer Enrichment of Polycyclic Aromatic 
Hydrocarbons in Southern Chesapeake Bay
41
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Abstract
Dissolved and particle-associated polycyclic aromatic hydrocarbon (PAH) were 
measured in the surface microlayer (SM) of the York and Elizabeth River tributaries of 
southern Chesapeake Bay throughout one year. Particulate PAH concentrations were 
exponentially related with TSP as well as POC at both study sites, but a significant 
relationship between dissolved PAHs and DOC was observed only at the York River site. 
PAHs were significantly enriched in the SM of both sites relative to the subsurface water 
concentrations. In the particulate phase, the enrichment factors ranged from 5 to 140 and 
from 5 to 5,300 for the Elizabeth and York Rivers, respectively. Enrichment factors in 
the dissolved phase were much smaller; 1 to 10 for the Elizabeth River site and 2 to 20 for 
the York River site. Furthermore, both particle-associated and dissolved phase enrichment 
factors were strongly influenced by wind speed at the Elizabeth River site, whereas, only 
particulate phase enrichment factors were dependent on wind speed at the York River site.
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Introduction
Numerous substances accumulate at the sea surface including lipids and hydrophilic 
or amphophilic organic chemicals that exhibit a particularly strong interfacial affinity. 
Moreover, as a result of its organic nature, many pollutants may be concentrated in the 
surface microlayer (SM); this is especially true for hydrophobic organic contaminants such 
as polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs) and other 
organic pollutants that adhere to particulates and colloids, or exhibit increased solubility 
with elevated dissolved organic matter. For example, Kucklick and Bidleman (1994) found 
total PAH concentrations in the SM were 10-1000 times higher than in subsurface waters 
in Winyah Bay and North Inlet of South Carolina. Similarly, Hardy et. al. (1990) 
investigated aquatic SM contamination in the middle to upper Chesapeake Bay and its 
tributaries and found total PAHs (41 aromatic hydrocarbons) were several hundred times 
higher than in the bulkwater. Enrichment factors of ltf to 104 for PCBs in the SM have 
been reported from different water bodies (Larsson et al., 1974). Further, Meyers and 
Kawka (1992) compared SM organic content with that from several subsurface waters and 
found hydrocarbon concentrations of SM particulate matter to be more than one order of 
magnitude higher than those in subsurface water particulates; however, average 
concentrations of hydrocarbons in the SM dissolved phase were approximately the same 
as that in subsurface waters.
The SM is a special habitat for biological organisms and has been reported to have 
different microbiota and a considerably greater number of organisms such as early-life 
stage larvae of fish and invertebrates, than subsurface waters (Shanks, 1983; Parker and
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Barson, 1970). This SM biota may be exposed to higher levels of pollutants than 
organisms residing below the air-water interface. In addition, the existence of the SM 
could affect gas transfer of semivolatile organic contaminants (SOCs) between the 
atmosphere and water through hydrodynamic effects and diffusive resistance (Mackay, 
1982). Moreover, SOC air-water gas exchange could be affected by biological uptake or 
particle sorption during transport through the SM. Therefore, from a pollution 
standpoint, the air-water interface is perhaps one of the most important, but poorly 
characterized regions of the marine environment.
In order to address the problems of chemical pollution, especially the atmospheric 
deposition of SOCs, it is necessary to quantitatively understand the structure of the SM, 
as well as the major factors controlling SM characteristics and enrichment of organic 
pollutants. The objectives of this study were to (1) evaluate the spatial and temporal 
variability in SM PAH (dissolved and particulate) concentrations, (2) examine the 
enrichment of PAHs in the SM relative to subsurface water, and (3) determine the major 
factors controlling PAH enrichment in the SM at selected sites in the southern Chesapeake 
Bay region.
Experimental methods
Study Area. Two estuaries adjacent to southern Chesapeake Bay were sampled 
bimonthly during this one-year investigation: the York and Elizabeth Rivers. The York 
River site is located at 36°53.2'N, 76°21.3'W and was considered a semiurban site 
approximately 5 km northwest of a coal/oil fired power plant and oil refinery, and 1 km
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east of a major vehicular river crossing. The Elizabeth River site, which is located at 
37°14.3'N, 76°14.5'W, is considered an industrialized site representative of contaminated 
river estuaries. This sampling site is in Elizabeth River main stem and in close proximity 
(< 5  km) to Lambert's Point coal terminals, Norfolk Naval Station, and Portsmouth Naval 
Shipyard; in addition, the site is located centrally within the Hampton Roads metropolitan 
area with a population of about 1.5 million.
Sample Collection. SM samples were collected using a rotating drum sampler as 
described in detail elsewhere (Chapter 2, this Dissertation). Briefly, 30-401 of SM sample 
was collected in amber glass bottles over a 3-4 h period. From this, a ^25/zm particulate 
fraction was separated by sieving the SM media through a 25/un pore size stainless steel 
screen sieve (Baxter) by gravity. The sieved SM (<  25/am fraction) was stored in a 
stainless steel tank and subsequently pressure filtered through a glass fiber filter (nominal 
wet pore size 1 /am, Gelman A/E) in a 142 mm diameter stainless-steel filter head 
(Millipore, Inc., Bedford, MA). The filtrate was passed through an Amerlite XAD-2 resin 
(Rohm and Haas, Co., Sping House, PA) column (30 cm long X 2 cm I.D. stainless steel) 
to isolate dissolved PAHs. The flow rate through the XAD-2 column was maintained at 
about 100 ml/min. Sieved particle fractions were washed into clean glass jars with filtered 
Milli-Q water, methanol and acetone. Glass fiber filters (GFFs) and XAD-2 resin samples 
were similarly stored in clean glass jars with methanol. All fractions were kept in a 
(~ 10°C) refrigerator until extraction.
Prior to sample processing, the stainless steel sieve was sonicated and rinsed with 
acetone, hexane, acetone, methanol and purified water (distilled/deionized water passed
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through a Milli-QR water purification system with an Organex-Q11 filter). Glass fiber filters 
were individually ashed for 4 h at 45CPC. The XAD-2 resin was precleaned in the 
laboratory by sequential 24 h Soxhlet extraction with methanol, acetone, hexane, 
dichloromethane, hexane, acetone and methanol, then rinsed with purified water and stored 
in a glass jar in the dark until sampling.
Sample Extraction and Analysis. A surrogate standard mixture containing five 
deuterated PAHs (naphthalene, anthracene, benzo[a]anthracene (B[a]A), benzo[a]pyrene 
(B[a]P), and benzo[g,h,i]perylene (B[g,h,i]P)) was added to all samples and blanks prior 
to extraction. The sieved particle fraction was extracted with 100 ml hexane for 1 h using 
an ultrasonic bath to loosen the particle matrix (Mettler, ME4.6). The mixture was 
subsequently transferred to a separatory funnel and batch extracted three times with 100 
ml of hexane. Glass fiber filters were sonicated for 1 h in 100 ml methanol followed by 
two additional 1 h sonications each in 100 ml of hexane. The solvent extracts were 
combined in a sep-funnel and the PAHs were back extracted into the hexane by adding 100 
ml of purified water. XAD-2 resin samples were sequentially Soxhlet extracted for 24 h 
each with acetone followed by hexane. The acetone fractions were then back extracted 
three times with hexane and purified water to remove polar solvents and sequester PAHs 
in the hexane phase. The resulting hexane fractions for each sample were combined, 
concentrated to ~5 ml using rotary evaporation, dried over anhydrous NajS04, and 
subjected to solid-liquid chromatography clean-up on silica (Bio-Sil A 100-200 mesh) as 
described in detail elsewhere (Dickhut and Gustafson, 1995). GFF and XAD-2 lab blanks 
were held throughout the sample storage and extracted along with the field samples.
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Each sample and lab blank was analyzed for 18 PAHs. Prior to analysis, the 
extracts were spiked with an internal standard mixture consisting of additional deuterated 
PAHs (acenaphthene, phenanthrene, chrysene, perylene), reduced to '100 y\ under a 
stream of prepurified N2, and analyzed for selected PAHs using gas chromatography/mass 
spectrometry (GC/MS) as described elsewhere (Dickhut and Gustafson, 1995). Individual 
PAHs were quantified relative to the closest eluting PAH surrogate standard, therefore, 
PAH concentrations were automatically corrected for recovery. The PAH mass in the lab 
blanks was either not detectable or several orders of magnitude below the sample PAH 
mass. Average recoveries for deuterated surrogate PAHs were 55.7 ±  12.1%, 100.2 ± 
14.9%, 117.0 ±  12.1%, 94.3 ±  7.0% for dg-naphthalene, d10-anthracene, dl2-B[a]A, d12- 
B[a]P, respectively, which indicates that the analytical procedures are precise to within 
15% with an analytical uncertainty of -50% for very volatile PAHs such as naphthalene 
and 20% for the more hydrophobic compounds.
Quality Assurance. Potential artifacts with phase separation and instrumental 
analysis include PAH adsorption to the sieve surface, water tank internal wall, GFF and 
filter head. Retention of DOC and associated PAHs by XAD-2 may also occur, however, 
no significant DOC sorption by XAD-2 resin was observed when DOC ranged from 5 to 
7 mg/1 (Gustafson and Dickhut, 1996). Similarly, we found no significant difference in 
DOC in a SM sample with a high DOC concentration (20.61 ±  0.95 mg/1. n=3) before 
passing over the XAD-2 resin compared with the sample DOC level measured after it 
passed over the XAD-2 resin (20.12 ±  1.01 mg/l, n=3). PAH recoveries from water 
passed through the sieve were higher than 80%; however, recoveries of PAHs passed
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through the stainless steel water tank, GFF and filter head were lower (Dickhut and 
Gustafson, 1995).
Results and Discussion
Concentrations of PAHs in the SM. Total PAH concentrations {i.e. £18 PAH 
compounds) in both the dissolved and particle-associated phases of the York and Elizabeth 
River SMs varied widely throughout the year, and particulate PAH concentrations of both 
SMs varied much more widely than dissolved phase concentrations (Figure 3.1). 
Moreover, as with total suspended particulates (TSP) and particulate organic 
carbon/particulate nitrogen (POC/PN) (Chapter 2, this Dissertation) there was no seasonal 
trend observed in PAH concentrations in the SM (Figure 3.1). For individual PAHs, there 
was a relatively higher average dissolved PAH concentration in the Elizabeth River than 
in the York River (p<0.1, n=17), but no significant difference in average particulate 
PAH concentrations (p>0.5, n=17). Nonetheless, particulate PAH concentrations in the 
Elizabeth River SM, normalized to TSP dry weight, were about one order of magnitude 
higher than those in the York River SM (Figure 3.2), possibly due to a greater contribution 
of atmospheric aerosols to the SM particle-associated PAH concentration in the Elizabeth 
River.
Particulate PAH concentrations increased exponentially with TSP in the SM 
samples (Figure 3.3). The slopes of the lines for plots of log (particulate PAH 
concentration) vs log TSP for the York River SM ranged from 1.16 to 1.39 with the r2 
from 0.75 to 0.89. Much stronger relationships were noted for the Elizabeth River SM
48
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Figure 3.1 Seasonal and diel variability of total PAHs in particulate (□) and dissolved 
(■) phases of the York and Elizabeth River SMs (y axis in top graph is log scale)
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Figure 3.2 Particulate PAH concentrations normalized to dry TSP (g) in the SM samples
of York and Elizabeth River
50
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
York River SM
u
'w '
OX)
"Sb
ao
■**«U■MsVwc©
U
S
«sSo-
©
js
s
*<wi*es
f t *
10000
1000
■ t i - ' t ' t T t - ’t ' t i n i n i n i f i i n i / i
C S C P v C S C S © v C r \ C K 0 ' 0 \ 0 ' © ' 0 \ © '
>1 00 C3 3 <J CJ O U X) c  c  c4) 4 ) 1) 0 0 © < 3 3 3 3—J ,— V,/ SL* OJ —^ < O Q Q Q Q f c <
100000
10000-
1000
Elizabeth River SM
Sampling Date
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Figure 3.3 Relationship between particulate PAH concentration and TSP for selected
PAHs in the York ( • )  and Elizabeth (□) River SMs
51
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
log
 
Pa
rti
cu
la
te
 
PA
H 
C
on
ce
nt
ra
tio
n 
(n
g/
l)
y = 3.026x - 3.226 r‘ = 0.900
y = 3.164x-3.561 r“ = 0.941
0 y= l.I63x- 1.084 r" = 0.782
y= 1.389x- 1.639 r" = 0.866
B[a]A•  •
3 - = 2.662x - 2.708 r~ = 0.941
y = 3.025x - 3.969 r  = 0.933
2 -
y = 1 -356x - 1.444 r” = 0.893 y= 1.360x-2.217 r“ = 0.746
I [1,2,3-c,d]P D[a,h]A
3.51.5 2.5 32 2.5 3 1 21 1.5
log TSP (mg/1)
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
samples, with the regression slopes ranging from 2.66 to 3.16, and the i2 ranging from 
0.90 to 0.94 (Figure 3.3). At both sites the slopes of log particulate PAH concentration 
vs log TSP did not vary significantly amongst PAHs, indicating similar sources for the 
various particle-associated PAHs at each site. Furthermore, the fact that the slopes of the 
relationships in Figure 3.2 are > 1 suggests that the particulate PAHs are not uniformly 
distributed on the TSP accumulating at the air-water interface.
If PAHs were equally distributed on the various pools of particulate matter entering 
the SM (on a w/w basis), then an increase in mass of any one fraction of the TSP would 
result in a corresponding increase in PAH loading to the SM. The greater rise in PAH in 
the SM with TSP indicates that a specific pool of TSP enriched in PAHs preferentially 
accumulated at low wind speeds as described below. Moreover, the steeper rise in 
particle-associated PAH concentrations in the SM of the Elizabeth River compared with 
the York River is reflective of the urban aerosol pool, which tends to have a greater mass 
fraction of fine atmospheric aerosols compared to rural areas (Wameck, 1987) that have 
been observed to contain higher levels of PAHs than larger atmospheric aerosol (Poster 
et al., 1995). Thus atmospheric deposition of PAHs may play an important role in the 
accumulation of particle-associated PAHs in the SM. Atmospheric aerosols have much 
higher PAH concentrations (ng/g dry weight) than SM particulates (Dickhut and 
Gustafson, 1995; Gustafson and Dickhut, 1996), and are relatively small with little mass 
(Wameck, 1987). Consequently, loading of this material to the SM would significantly 
increase the particle-associated PAH concentration in the SM with comparatively little 
change in the overall particulate concentrations (TSP).
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Two fractions of particulate PAHs were measured in the Elizabeth River and 
selected York River SM samples (Figure 3.4). At most times, the larger particulates had 
higher total PAH concentrations at both sites when normalized to dry particle weight. In 
the Elizabeth River SM, large particles had PAH concentrations up to 6 times 
higher than the small particulate fraction. Although finer particulates have a greater 
surface area than larger particles, and hence higher organic contaminant sorption ability, 
this fraction did not contain higher PAH concentrations as expected. Ko and Baker (1995) 
also found particulate PAH and PCB concentrations increased with particle size in the 
water column and suggested that this is probably due to bioaccumulation; they proposed 
that fecal pellets from zooplankton grazing on phytoplankton contributed to the large size 
particulates. Another reason for enriched organic contaminant concentrations on large 
particles may be that part of the larger particle was from coagulation of small particles that 
contain high levels of organic contaminants or these small particle from aerosol bound to 
large particle surface. Although aerosol particle is small in size and mass, it contains high 
level of PAHs and may be converted to large particle after deposited into an aquatic 
system. Carlson (1993) compiled evidence for physical and chemical conversion of 
dissolved organic carbon (DOC) to particulate form, and transformation of low molecular 
weight materials into substances of higher molecular weight. This may be especially true 
when the small coagulating particles were aerosol particle, such as soot and tars, because 
these particles have relatively lower density and higher adhesion than organic coated 
minerals. Therefore, besides bioaccumulation, coagulation may contribute to high PAH 
concentrations in large SM particulates.
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Figure 3.4 Total PAH concentrations in different particle fractions >  25 fim (□) and 1-25 
nm (■) in the York and Elizabeth River SMs
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Compared with particulate PAH concentrations, temporal and spatial differences 
in dissolved PAH concentrations in the SM were much smaller (Figure 3.1). Dissolved 
PAH concentrations in the York River SM were found to be significantly (p<0.01, n=22) 
correlated with DOC concentrations (Figure 3.5), but there was no obvious relationship 
observed in the Elizabeth River. The increase in dissolved PAH concentrations in the 
York River SM was related to the compound hydrophobicity, with the relative hydrophilic 
PAHs (e.g. fluorene) exhibiting a greater increase with DOC compared to the more 
hydrophobic compounds (e.g. indeno[l,2,3-c,d]pyrene). This observation agrees with the 
study of Edwards et al. (1991), which showed solubility for more hydrophobic aromatic 
compounds in different surfactants increased faster than less hydrophobic compounds. But 
it is in contrast to expectations based on solubility enhancement by DOC or sorption to 
colloids (Chiou et al., 1986). The result may indicate that kinetic factors are important in 
determining SM dissolved phase enrichment in the field.
PAH Composition. In order to determine whether or not there were significant 
seasonal PAH compositional differences between the dissolved and particulate phases, or 
between the York and Elizabeth River SMs, the following ratios were calculated: 
phenanthrene:anthracene, pyrenerflouranthene, and B[e]P:B[a]P. The ratios were chosen 
based on the availability of previously reported values of these ratios for potential sources 
of PAH compounds, and differences in photoreactivity of the compounds. In general, 
there were no significant differences between the particulate and dissolved phase 
compositions as determined by these ratios for both rivers; however, the ratio of 
B[e]P:B[a]P in both the particulate (p<0.05, n=17) and dissolved (p < 0.005, n=17)
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Figure 3.5 Relationship between dissolved PAH concentration and DOC in York River 
SM
56
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
D
iss
ol
ve
d 
PA
H
s 
(n
g/
1)
fluorene
10 -
chrysene
0.433x + 0.139 
= 0.606
y = 0.126x - 0.024 
r2 = 0.561
y = 0.029x - 0.053 
r2 = 0.455
0 5 10 15 20 25
DOC (mg/1)
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
phases were significantly higher in the Elizabeth River compared with the York River SM. 
The predominance of B[e]P in the Elizabeth River SM dissolved phase was particularly 
dramatic. No unique source has been identified with this compositional signal; however, 
an enrichment in B[e]P relative to B[a]P is seen in gasoline exhaust (Table 3.1) (Giger and 
Schaffner, 1978). Enrichment of B[e]P relative to B[a]P may also indicate loss of B[a]P 
due to weathering followed by photodegradation. The half life of B[a]P in the SM is on 
the order of minutes (Guerin et al., 1978) unless it is contained within a particle matrix 
where it is protected from photolysis (Chapter 4, this Dissertation). Therefore, 
B[e]P:B[a]P in the Elizabeth River compared with that of the York River may indicate that 
there was significantly higher gasoline exhaust related input of PAHs to the Elizabeth 
River or simply that the B[a]P in the Elizabeth River is more readily desorbed and 
available for photodegradation compared with that delivered to the York River SM.
In situ Distribution Coefficients. Distribution coefficients (K^ ) for PAHs in 
solution are defined by:
where Cp is the particle-associated PAH concentration (ng/g dry weight) and Q, is the 
corresponding dissolved PAH concentration (ng/ml). In order to compare the distribution 
behavior of PAHs in SMs with different TSP and POC levels, apparent organic carbon 
normalized distribution coefficients (K ^ were calculated where:
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Table 3.1. PAH Ratio in Various York River (YR) and Elizabeth River (ER) Samples and 
Source materials
Sample phe/ant pyr/fla B[e]P/B[a]^
YR SM Particulate 
(n=13)
9.05 ±1.86 (n=13) 0.90±0.17 (n=13) 1.53 ±0.51
YR SM Dissolved 
(n=13)
13.0 ±  4.54 (n= 13) 0.63 ±0.17 (n=13) 3.18±2.75
ER SM Particulate 
(n=13)
7.47±4.38 (n= 13) 0.83 ±0.10 (n= 13) 3.00±3.27
ER SM Dissolved 
(n=13)
9.00±3.21(n=13) 0.68±0.08 (n=13) 9.82±4.53
YR Air Particlea 13.4 ±  3.27 0.81±0.16 2.05±0.51
YR Air Vapor1 31.5±17.4 0.43 ±0.12 2.49±0.64
ER Air Particulate3 13.7 ±  5.49 0.83 ±0.18 1.67 ±0.36
ER Air Vapor3 30.9±15.2 0.70±0.20 1.55±0.19
Gasoline Exhaustb 1.67 13
Street Dustc 0.98 1.04
Creosoted 4.13 0.68 0.99
No.2 Fuel O ile 50.0 1.11 0.2
SRC II Coal Liquidf 38 18.4 >1.08
a: Gustafson and Dickhut, 1996; b: Giger and Schaffner, 1978; c: Takada et al. , 1990; d: 
Carey and Farrington, 1989; e: Pancirov and Farrington, 1989; f: Nishioka and Lee, 1988; 
Guerin et al., 1978.
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fT,
Koc = ( 3 . 2 )
and is the mass fraction of particulate organic carbon. The measured K ^  of various 
PAHs in this study were significantly higher than the compound octanoi-water partition 
coefficients K^s and predicted K^s (Figure 3.6).
Higher than predicted K^s between the particulate and dissolved phases in the SM 
may be due to differences in particulate matter properties such as size, porosity, and 
organic matter structure, between particles in the SM and sediments or soils. Karickhoff 
et al. (1979) measured pyrene distribution coefficients (K^s) for five different Particulates 
from sand to clay, and the results showed that log K^s ranged from 4.28 to 5.08. 
Alternatively, it may be that only a fraction of the total particulate PAH concentration is 
available to come to equilibrium with the surrounding media (Mcgroddy and Farrington, 
1995; Farrington et al., 1983 ). A fraction of PAHs may be constrained in intraorganic 
matter (Brusseau, 1991), that is unavailable for equilibrium partitioning on the time scale 
represented by the particle residence time in the SM or water column. As a result, 
measured PAH distribution coefficients would be higher than expected.
Theoretically, at equilibrium, log is linearly related with log K„w for a specific 
class of organic chemicals; and at equilibrium, the slope should be approximately 1, but 
the intercept will depend on the characteristics of the sorbate (Karickhoff, 1984). Some 
studies have shown a discrepancy between field observations and lab data in that field 
partitioning coefficients do not depend as strongly on the compound's hydrophobicity (K ,^)
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Figure 3.6 Comparison of log K„w - log K .^ relationship from this study and Karickhoff 
(1981)
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as predicted. For example, for PCBs, slopes ranging from 0 to 0.6 have been observed 
as opposed to laboratory derived values which ranged from 0.72 to 1.0 (Brownawell and 
Achman, 1996; Bergen et al., 1993). This disagreement between field results and 
laboratory predictions for PCBs has been reviewed by Baker et. al. (1991), and in 
general, the observed partition coefficients appear to be above the predicted equilibrium 
values for lower MW congeners, and are sometimes below equilibrium values for higher 
MW congeners.
In the Elizabeth River, the average slope of the log K^-log Kow regression was 
0.64 ±  0.12. With one exception (Sept., 1994, which was significantly lower than the 
others (p<0.05, n=28)), the slopes for the Elizabeth River SM samples were not 
significantly different from each other. In the York River SM samples, the average 
regression slope was 0.78 ±  0.12, but some of the June 1995 samples were near 
equilibrium, and the regression slopes for these samples are significantly higher than the 
others (p<0.05, n=22). York River SM samples had relatively higher (p<0.03, n=17) 
regression slopes than those for Elizabeth River SM samples, however, the average values 
for both sites were significantly smaller than those measured in corresponding subsurface 
water samples (York River: p<0.01, n=19; Elizabeth River: p<0.02, n=9), in which 
the slopes were near one (Gustafson and Dickhut, 1996).
In general, that the slopes of log K .^ vs log plots from the field studies were 
lower than unity suggests nonequilibrium partitioning between particulate organic carbon 
and water. For example, an overestimation of the dissolved concentrations due to PAH
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association with colloids (Brownawell and Farrington, 1986; Baker et al., 1986) will result 
in low estimates of K*. for high MW PAHs. In this case, the measured dissolved PAH 
concentration actually contains both dissolved and colloidal bound PAHs, and this effect 
becomes more significant with increasing K^, since colloid binding potential increases with 
hydrophobicity. Several investigators (Brownawell and Farrington, 1986, Geschwend and 
Wu, 1985) have successfully described this with a simple three-phase equilibrium model:
K'°' -  1 * f ° \  ( 3 -3 »occ occ
where K,,,. is the apparent partition coefficient, is the partition coefficient between 
colloids and the dissolved phase, and the colloidal fraction of organic carbon. From 
this equation, it is evident that PAH partitioning to colloids would not just decrease the 
apparent partition coefficients, but decrease more for very hydrophobic (higher 
PAHs. Another explanation for nonequilibrium partitioning of PAHs between particulate 
organic carbon and water in the SM may be volatilization of dissolved PAHs with low 
molecular weight, which could lead to an increase of the partition coefficients for more 
volatile compounds if desorption is slow relative to volatilization. Finally, phytoplankton 
was found enriched in surface microlayer relative to subsurface water (Cullen et al. , 1989; 
Hardy and Apts, 1989); therefore, nonequilibrium may also be caused by rapid 
phytoplankton growth (Swackhamer, 1991), which increases particle mass faster than high 
MW compounds partition between the dissolved and particulate phases, or simply slow 
sorption kinetics (Karickhoff, 1981).
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PAH Enrichment in the SM. The enrichment factor (EF) is defined as the ratio 
of PAH concentration (ng/1) in the SM samples to the corresponding subsurface water PAH 
concentration (ng/1). EFs in Elizabeth River SM samples ranged from 5 to 140 for total 
particulate PAHs, and 1 to 20 for total dissolved PAHs (Figure 3.7); whereas for 
individual PAHs, the EFs reached up to 150 in the dissolved phase and 180 in the 
particulate phase. The EFs of particulate PAHs in the York River were greater than 
those in the Elizabeth River SM, ranging from 6 to 4,000 for the total particulate PAHs; 
however, for some individual PAHs such as B[e]P and B[g,h,i]P, the EFs were as high as 
5,300 and 4,900 in particulates, respectively. Total dissolved PAH EFs in the York River 
ranged only from 2 to 10, whereas for individual dissolved PAHs, the EFs were as high 
as 20. In general, dissolved PAHs showed less enrichment in the SM than particulate 
PAHs, and enrichment of particle-associated PAHs in the SM was largely related to the 
preferential accumulation of TSP at the air-water interface (Figure 3.7). Furthermore, the 
fact that the EFs for PAHs in the particulate phase of York River SM samples were higher 
relative to those calculated for the Elizabeth River, may be due to historical contamination 
of the Elizabeth River compared to the York River, which increases the surface water PAH 
concentrations relative to the SM PAH concentration, thereby lowering the observed EFs. 
Finally, although there are several hydrological and meteorological factors, such as tide, 
wind, temperature, and solar irradiation, that may affecting PAH enrichment in the SM, 
the strong relationship between PAH and wind speed suggests that wind speed is a major 
factor influencing PAH enrichment in both the particulate and dissolved phases (Figure 
3.8). A relationship between EF and wind speed was expected since TSP, POC, and DOC
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Figure 3.7 Enrichment factors of total dissolved (empty bar) and total particulate (solid 
bar) PAHs, and total particulate PAHs normalized to TSP (strip bar) in the York and 
Elizabeth River SMs
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Figure 3.8 Relationship between total particulate ( • )  and dissolved (□) phase PAH 
enrichment factors and wind speed
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concentrations in the SM all exponentially decreased with wind speed (Chapter 2, this 
Dissertation). Therefore, the PAH EFs should be influenced by the same wind induced 
mixing process. Analogous to changes in SM characteristics (Chapter 2, this Dissertation), 
EFs can be quantitatively described by:
dEF
du = - k L E F  ( 3 . 4 )
where kj is mass rate constant (s/m), u is wind speed (m/s), and aEF represents EF-1. The 
PAH enrichment rate constants are very close in both dissolved (1.92) and particulate 
(1.99) phases of Elizabeth River SM. However, at the York River site, there showed 
significantly (p<  0.001, n=12) higher enrichment rate constant for particulate 
contaminants (0.48 s/m) were found than for dissolved ones(0.05 s/m). In addition, the 
enrichment constants in Elizabeth River SM were also significantly higher (p< 0.001, 
n=9) than those in particulate and dissolved phases of York River SM and this may 
indicate that wind could significantly affect the loading of organic contaminants to SM at 
this site.
As a consequence of the preferential accumulation of particle-associated PAHs in 
the SM at low wind speeds compared to TSP (Figure 3.3), wind mixing may deliver PAHs 
more efficiently into the water column than TSP. This would be true if particulates are 
comparably mixed into the water column by wind, or if PAH-Iaden particles are more 
readily mixed than PAH-deficient particles. Urban aerosol, such as soot material, has high 
PAH concentrations, and are adhesive and tend to form large particles through coagulation,
66
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compression and other binding mechanism (14) in the water surface. Larger particles have 
smaller surface area/volume ratios, hence the surface tension imposed by being submersed 
in water is smaller and they are mixed easier (less energy needed) than the finer particles. 
In addition, wind driven mixing may also facilitate the desorption of particle-sorbed PAHs 
by reducing the diffusive boundary layer surrounding the particles. Therefore, wind may 
not just cause mixing, but also help enhance the desorption, and subsequently dissolution 
of PAHs into the water column. Nonetheless, to fully understand the role of the SM in the 
transport and fate of contaminants requires more detailed knowledge of the spatial and 
temporal variability in particle size distributions of pollutants across the air-water interface.
Summary
The particulate PAH concentrations in SM were found to be exponentially related 
with the TSP as well as POC at both sites in the York and Elizabeth Rivers, but a 
significant relationship between dissolved PAHs and DOC was observed only at the York 
River site. The exponential relationship suggests that particulate PAH concentrations may 
not be uniform, and wind driven mixing would differentially, not homogeneously, mix the 
SM PAH-laden TSP into subsurface water column. A fraction of particulates enriched in 
PAHs may be subject to a faster mixing by the wind. Large particle in the SMs of both 
York and Elizabeth Rivers contain higher PAH concentration than small particle. PAHs 
were significantly enriched in the SM of both sites relative to the subsurface water PAH 
concentrations. In the particulate phase, the enrichment factors ranged from 5 to 140 and 
5 to 5,300 for Elizabeth River and York River respectively. The enrichment factors in the
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dissolved phase were much smaller and found to be 1 to 10 for Elizabeth River site and 2 
to 20 for York River site. Furthermore, both particle-associated and dissolved phase 
enrichment factors were strongly influenced by wind speed at the Elizabeth River site, 
whereas, only particulate phase enrichment factors were dependent on wind speed at the 
York River site.
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Chapter IV. Photodegradation of Selected Polycyclic Aromatic 
Hydrocarbons in the Surface Microlayer under 
Direct Solar Irradiance
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Abstract
Photodegradation kinetics for selected polycyclic aromatic hydrocarbons (PAHs) 
in various particle-associated and dissolved phases were examined in surface microlayer 
(SM) media under direct solar irradiance during different seasons. PAH concentrations 
in the SM were observed to decrease exponentially with irradiance. In original SM media, 
the annual average halflives for different PAHs varied from 1.3 to 43 hours (midday), and 
in glass fiber filtered (l^m) SM from 1.8 to 56.9 hours (midday). Particulates in the SM 
could enhance the photodegradation rate constant for selected PAHs, as well as suppress 
it. Submergence depth affected rate constants significantly with halflives in surface water 
1.4 to 5 times higher than under 14 cm depth while using same SM media. Overall, PAH 
photoreactivity was observed to be proportionally related to the compound's maximum net 
atomic charge (MNAC) on the most reactive carbon center of the PAH molecule.
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Introduction
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental 
contaminants (Cook and Pierce 1983; Evans 1993) which are released into the environment 
by processing and incomplete combustion of fossil fuels, and other anthropogenic sources 
such as biomass burning. Several PAHs such as benzo[a]pyrene and benzo[g,h,i]peryIene 
are known carcinogens and potential mutagens (Pahmam and Pelkomen, 1987). Concern 
over the environmental safety and persistence of PAHs has prompted studies of the 
processes that transport and transform these chemicals in aquatic environments.
PAHs with 1-2 aromatic rings are water soluble and have rapid microbial 
degradation rates; however, for PAHs with three and more fused aromatic rings, microbial 
degradation rates are much slower (Shiaris, 1989; Heitkamp and Cemiglia). Early studies 
by Lee and Gardner et al. (1978) in a field model ecosystem indicated that photochemical 
transformation is an important process for several PAHs including benzo[a]pyrene (B[a]P). 
Photochemical transformation is considered a first order process with half-lives ranging 
from hours to days for various PAHs during different seasons under direct solar irradiance. 
Photochemical half-lives are affected not only by dissolved organic matter that acts as a 
photo-sensitizer, but also by suspended particulates through extra light attenuation, 
scattering or participation as a hydrogen donor (Zepp and Scholtzhaur, 1979; Mill et al., 
1981).
The air-water interface of an aquatic system should exhibit unique photoreactivity 
since this region accumulates high concentrations of organic matter, is directly exposed to 
solar irradiation, and receives an influx of short-lived oxidants and radicals from the
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atmosphere. Surface slicks, regions where small surface waves have been smoothed, are 
especially rich in organic material, including UV-absorbing organic compounds (Williams 
et al., 1986; Lin and Carlson, 1991). Hwang and Hodson (1986) found that 
photodegradation in natural water is influenced both by depth and the presence of 
photosensitizers (e.g. humic materials). Lin and Carlson (1991) used sea surface slicks 
and subsurface water to compare the influence of water composition on photochemical 
transformation; the results show that phloroglucinol (1,3,5-trihydroxybenzene) and TMP 
(2,4,6-trimethylphenol) degradation rates in the surface microlayer (SM) were always 
faster than in corresponding subsurface water.
Although a great effort has been made to understand the mechanism of 
photochemical transformation of aromatic hydrocarbons in water, most past studies have 
been carried out under simulated sunlight or with the addition of photosensitizers. Rates 
of photodegradation of chemicals may differ significantly from those measured in pure 
water owing to the presence of naturally-occurring light absorbers, quenchers, sensitizers, 
or Particulates. Consequently, it is necessary to perform photodegradation experiments 
in natural water, especially in the SM, in order to verify predictions made in pure water 
and to accurately characterize environmental photodegradation. This study was undertaken 
to determine the kinetics of photodegradation of selected PAHs in the surface microlayer 
as compared to surface water, and to evaluate the seasonal variability as well as the 
influence of particles on PAH photodegradation.
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Experimental Methods
Surface microlayer material used for the photodegradation experiments was 
collected from the lower York River (36°53.2'N, 76°21.3'W) on May 23, Oct. 6, and Dec. 
6, 1994, and Feb. 10, Apr. 12, Jun. 5, 1995 using a rotating cylinder sampler. SM media 
was kept in a refrigerator at 1CPC for <.2 days until the experiments were conducted. 
Additionally, SM samples from Dec. 6, 1994 (#1 and #2), which had high TSP and DOC 
concentrations, respectively, were stored at the same conditions to be used in Feb., Apr. 
and Jun., 1995 experiments for comparison. In total five experiments during different 
seasons were carried out and each experiment contained two to five different SM media 
(Table 4.1).
Homogeneously mixed SM media, 25 fjtm sieved SM or glass fiber filter (GFF) 
(wet pore size 1 fim) SM filtrate were added to individual 500 ml amber glass bottles, and 
a concentrated PAH mixture in methanol was spiked into each bottle such that the final 
methanol concentration was less than 0.08% (v/v). The added PAH concentrations were 
1 to 100 times of the original surface microlayer ambient concentration, and 200 to 300 
times the GFF filtered dissolved concentrations measured in the samples. The final PAH 
concentration after the addition of the PAH mixture in the experimental media ranged from 
0.49 to 12 ppb which are much lower than the PAH aqueous solubilities. The amber glass 
bottles were sealed with teflon lined caps and homogenized for another 30 min on a stir 
plate. For the photodegradation experiments, 3-5 40.0 ml replicates of each PAH spiked 
media were transferred into 50 ml Kimax glass (transmission at 300 nm, 42% and > 350 
nm, 92%) ampules (Wheaton), flame sealed, and kept in the dark prior to initiation of the
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Table 4.1. Characteristics of Surface Microlayer Media for Photodegradation Experiments
Experiment Sampling TSP POC PN DOC Temp
Date* Date mg/liter mg/liter mg/liter mg/liter °C
May 24, 1994
ORSM May 23, 1994 512 25.1 2.56 6.98 20.7
SVSM 334 18.9 n/q 6.98 20.7
GFFSM n/a n/a n/a 6.98 20.7
ORSW 23.7 1.97 n/q 4.73 20.7
GFFSW n/a n/a n/a 4.73 20.7
October 7, 1994
ORSM October 6, 1994 59.1 3.50 0.33 5.24 20.5
GFFSM n/a n/a n/a 5.24 20.5
February 13,1995
ORSM February 12, 1995 38.3 0.910 0.080 13.6 3.10
GFFSM n/a n/a n/a 13.6 3.10
ORSM December 6, 1994 #1 1500 166 21.5 20.4 3.10
GFFSM n/a n/a n/a 20.4 3.10
ORSM December 6, 1994 #2 489.2 67.3 8.86 7.70 3.10
April 13, 1995
ORSM April 12, 1995 47.4 4.80 0.34 5.35 11.5
GFFSM n/a n/a n/a 5.35 11.5
ORSM December 6, 1994 #1 1500 166 21.5 20.4 11.5
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Table 4.1 continued
GFFSM
GFMQ
June 11, 1995
ORSM
ORSM
April 13, 1995
n/a
n/d
June 7, 1995 104
December 6, 1994 #1 1500
n/a
n/d
3.45
166
n/a
n/d
0.49
21.5
20.4
n/d
9.03
20.4
11.5
11.5
24.6
24.6
* ORSM: original SM, SVSM: 25/un sieved SM, GFFSM: 1/an GFF filtered SM, GFMQ: 1/un GFF filtered Milli-Q water
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photodegradation experiments. All samples were placed in a rack which was floated 
outside in a water bath circulated with ambient river water. Ampules were exposed 
to ambientsunlight for 20 min to 10 hours, however, control samples were wrapped in 
aluminum foil. Upon termination of exposure, all ampules were wrapped in foil and stored 
in the refrigerator until solvent extraction. Incident solar radiation intensities (Einstein m2) 
at standard photosynthetically active radiation (PAR) wavelength (400-700 nm) were 
recorded every 10 minutes using a quantum sensor (LI-185A, Li COR Instrument, 
Lincoln, NE.) during each exposure experiment. We assume that the quantum 
measurements were closely related to irradiance over the full spectrum at the experimental 
site because the shapes of most near-UV (>310 nm) and visible spectra are constant for 
zenith angles <60°(Jerlov, 1976: Baker etal., 1980).
Prior to sample extraction, a surrogate mixture containing deuterated PAHs was 
added to the ampule mixtures, which were batch extracted three times by shaking 3 min 
with 5 ml of hexane. The hexane extracts were combined and reduced to 5 ml under 
prepurified nitrogen (Grade UN1006). Water or particulate residue in the organic extracts 
was removed by passing the extracts over an anhydrous sodium sulfate (Na^SOJ column. 
Prior to analysis, the extracts were spiked with an internal standard mixture consisting of 
additional deuterated PAHs, and reduced to a volume of about 100 n 1 under a stream of 
prepurified N2. The samples were subsequently analyzed for 17 PAHs using gas 
chromatography/mass spectrometry (GC/MS) on a Hewlett Packard 5890A Series IIGC 
and 5971A MS operated in the selective ion monitoring mode with a 30 m long x  0.25 
mm i.d. DB-5 column (J&W Sci.). The average recovery of the deuterated PAH
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surrogates naphthalene, anthracene, benzo[a]anthracene and benzo[a]pyrene in the samples 
and blanks were 95±9% (n=189), 100±4% (n=190), 108±4% (n=190) and 99±2% 
(n=190), respectively.
Results and discussion
Exclusion of Biodegradation. We equate disappearance of PAHs with 
degradation, although we did not identify the degradation products. In order to address 
the effect of biodegradation on the photodegradation experiments, a series of dark control 
experiments were performed to estimate the biodegradation process within the experimental 
time. A fresh surface water (TSP =  9.36 mg/1) was used for the dark control experiment 
that was conducted at 25°C. No evidence of biodegradation of various PAHs was observed 
in surface water within 20 hours of the experiment (Figure 4.1).
Photodegradation Kinetics. Photodegradation kinetics can be described by the 
following equation (Mill and Mabey, 1987):
d t  V
where C is the concentration of the photoreactive chemical, t is time, $  is quantum yield 
(number of moles of chemical that photoreact/number of einsteins absorbed), Ix is the light 
incident at wavelength X, A is the area exposed to the incident light intensity I, V is the 
solution volume, Fa = l - l O ^ ^ 11 and Fa = e1/(ax+ exC) are the fractions of light that are 
absorbed by the system and reactants in system, respectively, where and ek are
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Figure 4.1 PAH concentration change with time in dark control experiment
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absorbtivity of water and the chemical of interest at a specific wavelength, A.. By 
substituting Fsi and Fa into equation (4.1) for the case when the concentration of the 
chemical is low, equation (4.1) simplifies to the first order reaction equation:
dC
d t
2 - 3<I>exr o x A i c = - x c ( 4 . 2 )
V
where x =  -2.3 exIoi*Al/V is the photodegradation rate constant and 1 is the light path 
length.
Due to the nonlinearity between irradiation time and direct solar irradiance for the 
exposure experiments, midday time was used instead of regular recorded time in equation 
(4.2). We chose the 11:30 am-12:30 pm period as the reference time and all other 
recorded time durations before and after this time were normalized according to the 
midday hour by using following equation:
where t^. is regular recorded exposure time and 1^ . is the irradiance value during t^, 
represents solar irradiance at midday horn:. Therefore, in this study, the first order 
photodegradation equation is as follows:
midday
rec ( 4 . 3 )
d C = -xc
d t ( 4 . 4 )midday
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And the integrated form of equation (4.4) is:
( 4 . 5 )
in which C0 is initial concentration and C is the chemical concentration at time t.
Five photodegradation experiments were carried out to determine the significance 
of PAH photodegradation in the SM during different seasons (Table 4.1). PAHs degraded
decrease in PAH concentration with time (midday) could be described by a first order 
reaction rate expression. The slopes of these regressions yielded photodegradation rate 
constants in 1/midday-hour. For a first-order photochemical reaction, halflife (t1/2 midday 
hour) is expressed as:
where %, C„ and Cm are reaction rate constant, initial and half concentrations of chemicals, 
respectively.
PAH Structure-Reactivity Relations. The maximum net atomic charge (MNAC) 
value (Table 4.2) is the charge on the most reactive carbon center of a specific PAH. The 
higher the MNAC, the more reactive the compound will be; unfortunately, the relationship 
between MNAC and reactivity is only valid for PAHs containing exclusively six-membered 
rings, the so-called alternate PAH (Dewar, 1977). Behymer and Hites (1988) applied this 
theory to PAH photolysis on fly ash and the results showed a significant correlation
exponentially with solar irradiation in all experimental media {e.g. Figure 4.2) and the
t  i = l n ( —- )  /  x =
2 Ci
2
0 . 6 9 3
X ( 4 . 6 )
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Figure 4.2 Photodegradation kinetics of selected PAHs in Jun. 7, 1995 original SM media
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Table 4.2. Maximum Net Atomic Charge Number (MNAC) for selected PAHs in units of 
elementary charge.
PAHs MNAC1 MNACadj
acenaphthylene -0.0112 -0.0037
phenanthrene -0.421 -0.140
anthracene -0.0204 -0.0068
fluoranthene -0.0588 -0.0147
pyrene -0.0329 -0.0082
B[a]A -0.0219 -0.0055
chrysene -0.0409 -0.0102
B[e]P -0.0340 -0.068
B[a]P -0.0160 -0.0032
B[g,h,i]P -0.0334 -0.0056
1. From Hites and Simonsick (1987).
2. Adjusted MNAC =(MNAC / # of aromatic rings).
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between MNAC and photodegradation rate. Moreover, we found that the 
photodegradation halflives for various PAHs containing only six-membered rings were 
exponentially related to the MNAC normalized to the number of aromatic rings in the 
molecule (Figure 4.3). Those relations are significant at the 95 % confidence level. PAHs 
with higher MNAC values exhibited higher reaction rate constants and shorter half lives 
than those with lower MNACs.
Enhanced photodegradation in the SM. Photodegradation half lives of most 
PAHs in the surface microlayer were shorter than in the corresponding subsurface water; 
however, t1/2 for the slower reacting PAHs (e.g. phenanthrene, fluorene) were longer in 
the SM compared with the subsurface water (Figure 4.4). Similar results were observed 
by Lin and Carlson (1991) for tracer phenols which had much shorter halflives in SM than 
in subsurface water.
Water depth effects on PAH photodegradation. Selected SM samples, collected 
24 h prior to the experiment, were used to investigate how depth in the water column 
affects photodegradation. The experiment was carried out with one sample on the surface 
and another 14 cm below the water surface. Halflives for all PAH compounds were 
significantly ( p <  0.02, n=8) decreased with increased submergence depth. The ratio 
of halflives at the surface of the water to 14 cm depth (Figure 4.5) ranged from 1.24 to 
5.25. Slowly reacting compounds, like acenaphthene, phenanthrene and fluoranthene, 
were affected more by submergence depth than other compounds with shorter halflives 
(Figure 4.5 insert).
The rate constants of all photochemical processes in an aquatic environment are
83
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Figure 4.3 Relationship between In halflife (midday hour) and adjusted MNAC
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Figure 4.4 Halflife comparison of selected PAHs in SM media and subsurface water in 
May photodegradation experiment
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Figure 4.5 Halflife comparison for selected PAH photodegradations at surface and 14 cm 
below the surface in FebORSM media (insert: the relationship between halflife ratio and 
adjusted MNAC)
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affected by solar spectral irradiance at the water surface, radiative transfer from 
air to water, and transmission of sunlight in the water column. The intensity of solar 
irradiance is attenuated in natural water through absorption and scattering. Incident 
irradiance is exponentially decreased with depth and the attenuation coefficient is 
wavelength dependent (Zepp and Cline, 1977). It was expected that chemicals 
would undergo slower photodegradation with water submergence than at the surface 
microlayer since water absorption reduces light intensity. In addition, attenuation 
coefficients increase with a decrease in light wavelength, and UV is more readily absorbed 
by water than visible light. This makes the rate constant ratio of PAH compounds with 
longer halflives larger than compounds with shorter halflives.
Comparison of halflives for selected PAHs in different seasons. Annual average 
halflives (midday hour) for the various PAHs studied in original surface microlayer media 
ranged from 1.30(±1.19) (anthracene) to 43.46(±27.1) (phenanthrene) midday hours. 
Average halflives in GFF filtered SM were slightly longer ranging values from 
1.78(±0.75) to 56.94(±27.64) midday hours for anthracene and phenanthrene, 
respectively.
Since photodegradation rate constants under direct solar irradiance are proportional 
to the light intensity (equation 4.2), PAHs generally have shorter halflives in summer than 
in winter Figure 4.6). For example, Mill and Mabey (1981) observed summer to winter 
photodegradation halflife ratios of 0.37 and 0.45 for benzo[a]anthracene and 
benzo[a]pyrene, respectively, in natural water, which indicated that these two compounds 
photodegrade much faster in summer than in winter. Similarly, in this experiment,
87
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Figure 4.6. Halflife comparison of selected PAHs in different seasons (media used 
photodegradation experiments were original SM collected before experiment)
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
w
ithout perm
ission.
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photodegradation rate constants of PAHs were typically higher and half lives shorter in the 
season compared to the other seasons. Since the effect of temperature on photodegradation 
processes in solution is usually small (Leifer, 1988), enhanced photodegradation in summer 
relative to winter is probably due to an increased total amount of UV irradiation reaching 
to the water surface.
Effect of Particles on photodegradation. Experiments with different levels 
of total suspended particulates (TSP) were carried out to evaluate the effects of particles 
on the photodegradation rates of PAHs. In the spring (May 94) experiment, three 
experimental media with different TSP, which was from same surface microlayer sample 
were used: original unfiltered SM (TSP=512.4mg/l), sieved SM (pore size 25pm, 
TSP=334.2mg/l) and GFF filtered SM (pore size 1pm, TSP=0). Halflives were 
significantly affected by the TSP level for selected PAHs (Figure 4.7). PAH halflives in 
unfiltered SM were significantly (t < -3.0, df=6, p <  0.02) shorter than those in sieved 
SM except for acenaphthene, anthracene, fluoranthene and benzo[a]pyrene. 
Photodegradation halflives were also significantly (t <  -3.0, df=6, p <  0.02) shorter in 
sieved SM than in GFF filtrate except for phenanthrene, pyrene, benzo[a]anthracene and 
benzo[g,h,i]pyrene.
A second evaluation of the effect of particles on PAH photodegradation rates was 
made in the winter (Feb, 1995) exposure (Table 4.1). In this experiment, a low TSP 
sample (TSP=38.3 mg/1) collected one day before experiment and high TSP sample (777 
mg/1) collected in Dec., 1994 and stored in refrigerator were used. Similar results to the 
experiments described above were obtained with PAH halflives in the high TSP samples
89
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Figure 4.7 TSP effects on photodegradation of selected PAHs in May 1994 (*: not 
quantified)
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significantly (t <  -3.0, df=8, p < 0.02) smaller than in the low TSP sample for most of 
the compounds tested.
Contrary results of the effects of TSP on photodegradation were observed in the 
spring (April, 1995) and summer (June, 1995) photodegradation experiments (Table 4.1). 
In the spring experiment, a sample with TSP of 47.4 mg/1, which was collected 24 h before 
the experiment, was compared with the refrigerator-kept Dec., 1994 sample with a TSP 
of 1500 mg/1. PAH halflives in the lower TSP sample were significantly (t <  -2.8, df=8, 
p < 0.02) smaller than those in higher TSP sample. Similar results were noted again in 
summer experiment, in which there were two SM samples with one of low TSP (TSP= 
104 mg/1) collected days before the exposure experiment and another of high TSP sample 
with TSP of 1500 mg/1. As with the spring photodegradation experiment, most of the 
PAHs showed significantly (t < -3, df=36, p < 0.01) shorter halflives in the low TSP 
sample than in the high TSP sample with the exception of acenaphthylene, acenaphthene, 
phenanthrene and anthracene.
Suspended particulates could have several effects on photolysis reactions including 
light attenuation and scattering, as well as sorption of the chemical of interest. A decrease 
of photodegradation rate in the presence of particulates may be caused by light attenuation 
by the particle. Under certain circumstances, however, the increased scattering of light 
caused by particulates could augment photodegradation. Thus, effects of light attenuation 
and scattering must be taken into account to quantify the photoreactivities of organic 
contaminants in a heterogeneous system. In addition, photodegradation is also affected by 
particle sorption. Sorbed organic pollutants are probably in a less polar microenvironment
91
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and could have better hydrogen atom donor (similar to a saturated hydrocarbon which 
absorb visible or infrared irradiation). A comprehensive consideration will be necessary 
to entirely comprehend photolysis in an aquatic system with suspended particles.
Karickhoff and Bailey (1973) studied the effect of light scattering on the photolysis 
rate constants of a suspension of UV-transparent clays, hectorite and halloysite and a UV- 
absorbing clay, kaolinite. Photolysis rates increased with UV-transparent clay 
concentration of both hectorite and halloysite. The increase was attributed to forward 
scattering of solar irradiation in the system. For kaolinite, the photolysis rate first 
increased with increasing clay concentration, then decreased as light attenuation began to 
offset the increase in the light distribution coefficient caused by scattering. Miller and 
Zepp (1979a) also demonstrated that the photodegradation rate of dissolved pollutants 
within the photic zone of surface waters was generally more rapid in turbid than in clear 
water. Moreover, they suggested the enhanced pollutant photodegradation rates in turbid 
waters were due to the increased diffiiseness of light caused by scattering. Furthermore, 
other studies (Miller and Zepp, 1979b, Chiarenzelli et. al., 1995) have proposed that 
suspended particles may cause alteration of photodegradation compounds through 
absorption or by acting as catalysts.
The media used in this study is estuarine surface microlayer material for which 
particle characteristics are expected to be more organic in nature rather than clay like. So 
sorption or alteration of environment is expected to play a more important role than 
scattering in enhancing the photodegradation of a organic contaminants. Sorption of PAHs 
on the surface of non-mineral particulate matter may alter the electron distribution of target
92
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compounds, such that the sorbed chemicals are in a less polar environment. Once situated 
in a nonpolar environment, compounds have more numerous hydrogen sources, which are 
essential for photodegradation. In this study, photolysis rates were increased by TSP in 
some situations and decreased in others. When TSP level reached a specific point (or 
critical concentration), the primary effects of particulates is light attenuation and 
photodegradation rate decreased again when at relatively high TSP. This speculation 
agreed with the experiment results, however delicate mechanism merits further 
investigation.
DOC Effects on Photodegradation. Since particulates in the media would 
complicate the determination of DOC on photodegradation, only filtered surface microlayer 
media with different DOC concentrations were used. In the fall experiment, two 
treatments from the same surface microlayer sample, GFF (1/im) filtrate (DOC=5.2mg/l) 
and Anodisc (0.2^m) filtrate (DOC=3.8mg/l), were used to investigate the effects of DOC 
concentration on PAH photodegradation (Figure 4.8). In the medium with the highest 
DOC concentration, PAH halflives were shorter than in the medium with low DOC 
treatment except for anthracene, indeno[l,2,3-c,d]pyrene benzo[g,h,i]perylene and 
dibenzo[a,h]anthracene. Another experiment was subsequently carried out in the spring 
using previously collected SM media with different DOC levels: DOC=5.34 and 20.44 
mg/l respectively, and Milli-Q water (DOC=0 mg/1) (Figure 4.8). The photodegradation 
rates of the PAH compounds with higher molecular weight were enhanced at high DOC 
levels except for indeno[l,2,3-c,d]pyrene; however, most of the light PAHs' 
photodegradation rates were decreased by increased DOC levels. For Milli-Q water, in
93
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Figure 4.8. DOC effects on the photodegradation of PAHs under direct solar irradiance
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which DOC was not detectable, the photodegradation rates were significantly (t >  3, 
df=6, p <  0.02) increased for acenaphthene, anthracene, pyrene, benzo[a]anthracene and 
indeno[l,2,3-c,d]pyrene compared to either of the treatment with DOC with. All the 
experiments in this photodegradation study only dealt with the influence of DOC 
abundance, but that the DOC composition could also influence photodegradation.
Dissolved organic carbon, such as humic or fulvic substances, is widely considered 
to be a photosensitizer (Lin, 1991; Kawaguchi, 1993; Wang, 1995). Sensitized reactions 
result from either energy transfer from DOC to substrate molecules (Zepp et al, 1985) or 
occur via formation of some reactive intermediates such as singlet oxygen, hydroxyl 
radicals and organic peroxy radicals (Faust and Hoigne, 1987). Lin and Carlson (1991) 
studied the photodegradation of phloroglucinol and TMP (2,4,6-trimethylphenol) in surface 
slicks and bulkwater and found higher photodegradation rates in surface slicks than in 
bulkwater. They also related the rate constant ratio between surface slicks and bulkwater 
with UV absorbance enrichment at a selected range and determined that humic or fulvic 
acids, which are well known UV absorbance materials, accelerated the photodegradation 
of these two compounds. Nonetheless, at high UV absorbance enrichments, lower rate 
constants were observed in surface slicks compared with bulkwater. This phenomenon 
indicates that some UV-absorbing materials in the surface microlayer are photochemically 
inert or photon quenchers and therefore, decrease the effective energy (photon) transfers 
to reactants. Wang et al. (1995) examined the DOC (fulvic acids) effect on 
photodegradation of phenanthrene and found rate constants were smaller in the presence 
of fulvic acids, and that the photodegradation of phenanthrene strongly depended on the
95
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source (structure) of DOC.
The results presented here further suggest that DOC effects on photodegradation 
are not uniform. DOC can be inert, a photosensitizer, or a quenching agent. In the fall 
experiment, higher DOC concentrations yielded shorter halflives for most PAHs. 
However, in the spring experiment, DOC increased photodegradation rates for only about 
half the PAH compounds. Furthermore, some compounds like acenaphthene, anthracene, 
pyrene, benzo[a]anthracene and indeno[l,2,3-c,d]pyrene had shorter halflives in Milli-Q 
water than in media with DOC.
Photodegradation Rate Calculation. According to equation 4.2, the 
photodegradation rate constant, x, can be calculated by using the measured incident light 
and quantum yields and absorbtivities for selected PAHs (Neely and Balu, 1987). 
However, the incident light for the exposure experiments at a specific wavelength X can 
be expressed as:
T PT _  \  400-700nm  ,
r x ' T 7 ------------  <4 - 7 >
400-700nra
where Lx is the solar irradiance at a specified wavelength interval centered at X, which is 
absorbed by compounds for photodegradation, and X^ <xv7 oonm is th® St™1 °f solar irradiance 
values at 400-700nm wavelength from the measurements at 40PN by Leifer (Table A-8 of 
Leifer, 1988), and 1*4 0 0 -7 0 0 ™ is the experimental quantum meter reading at 400-700nm 
wavelength. For most organic chemicals in aquatic environments, the photodegradation 
quantum yield is independent of wavelength, A.. Thus, summing of the rate constant
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equation over all wavelengths at which a chemical absorbs solar irradiation, we have the 
rate constant %:
2 .3  A lx =----------------------------
400-700run  , v  i t  ~  \ ( 4 . 8 )
V{Y t---------------- {Lke k>
L , 4 00-700nm
Table 4.3 shows halflives calculated by both the theoretical equation (4.8) described 
above and direct experiments for the photodegradation of selected PAH compounds at 
different seasons. For anthracene and fluoranthene, there is reasonable agreement for the 
halflives by the two methods. However, the obvious discrepancy of halflives calculated 
using these two methods for the other PAHs is observed. The discrepancy between 
calculated and experimental halflives are probably due to the following factors: geometry 
of test tube, difference of light sensor, meteorological condition and geographic position 
when recording data, water and test tube adsorption of photochemically reactive irradiance 
and difference of solutions in which the experiment was based. The variables in 
experimental methods, such as adsorptivity, quantum yield and irradiance intensity, may 
be also affected by adsorption and other factors. Overall, the halflives from calculation 
agreed with those from direct solar irradiation experiment within a factor of 3.8.
Summary
Although the mechanism and products are not fully understood, it is clear that 
PAHs in the surface microlayer are photodegraded rapidly under direct solar irradiance 
with annual average halflives ranging from 1.3 to 43.5 h (midday). Photodegradation
97
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Table 4.3. Calculated and experimental photodegradation halflives (midday hour) for selected PAHs under direct solar irradiation.
fall winter spring summer
caf exp EF cal* exp EF cal* exp EF cal* exp EF
phenanthrene 160 53(4.7) -3.0 190 70(7.5) -2.7 75 20(0.94) -3.8 30 62(43) 2.1
anthracene 0.79 1.8(0.24) 2.3 0.80 o to ts -1.9 0.50 0.97(0.15) 1.9 0.47 0.42(0.02) 1.1
fluoranthene 15 18(2.2) 1.2 16 28(0.36) 1.8 9.7 9.1(1.2) -1.1 8.9 6.2(0.58) 1.4
pyrene 0.79 2.2(0.03) 2.8 0.87 1.7(0.03) 2.0 0.48 1.5(0.05) 3.1 0.43 1.3(0.03) 3.0
B[a]A 0.73 2.1(0.07) 2.9 0.76 1.7(0.05) 2.2 0.46 1.5(0.08) 3.0 0.42 0.93(0.01) 2.2
chrysene 3.6 11(0.52) 3.1 4.6 15(0.75) 3.3 2.1 10(0.31) 4.8 1.8 7.5(0.72) 1.6
B[a]P 0.56 2.1(0.15) 3.8 0.55 2.0(0.03) 3.6 0.36 1.2(0.18) 3.3 0.34 0.74(0.04) 2.2
*: the precision for halflife calculation is 20 %; EF: error factor = exp/cal (or -cal/exp if exp/cal<l).
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kinetics for PAHs were also found to be consistent with a first-order reaction process, and 
neither particulates nor DOC in the surface microlayer affected the reaction order. PAH 
photochemical halflives for PAHs with six-membered rings was related to the compounds' 
MNAC value in aquatic environment. PAH halflives were observed to be seasonally 
variable with shorter t1/2's in summer than in winter due to higher solar irradiation 
intensity. In some instances, particulates or DOC enhanced the photolysis process; 
however, high particulates or DOC in the reaction media may significantly decrease rate 
constants. In addition, submergence of reactants also significantly lowered the reaction 
process due to media absorption of solar irradiation.
Photodegradation rate constants of selected PAH compounds can be directly 
calculated using a theoretically derived equation. The calculated results agreed with results 
of this study only within a factor of four, but the predicted rate constants had the same 
trend with season as the experimental data. The discrepancy between theoretical and 
experimental values is probably due to differences in altitude, test tube geometry, light 
adsorption, particulates and DOC.
9 9
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Chapter V Sorption of Polycyclic Aromatic Hydrocarbons 
to Surface Microlayer Particulates
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Abstract
The sorptive uptake of polycyclic aromatic hydrocarbons (PAHs) to suspended 
particulates in surface microlayer (SM) samples was studied using batch methodology. 
Sorption kinetics of PAHs to SM particulates were observed to have an initial rapid uptake 
followed by a much slower approach to steady state. In the Elizabeth River SM, the organic 
carbon normalized apparent partition coefficient (K^pp) at steady state was significantly 
higher than in York River SM samples, which were found to be correlated with the 
particulate organic carbon/nitrogen POC/PN ratio of the particles. In addition, the partition 
coefficients were also inversely related with total suspended particle (TSP) concentration. 
The initial sorption was observed to be first order sorption of PAHs to the labile component 
of the particulates, and the slow sorptive uptake was interpreted as intraparticle diffusion to 
immobile regions of the particles. The first order sorption rate constants for PAHs increased 
with compound hydrophobicity (K^J and equilibrium apparent partition coefficient (K^pp). 
First order sorption occurring within the initial 1 0  hrs was very significant, and reaching 
more than 90% of the observed sorption capacity for some heavy PAHs. Moreover, only 
PAHs with low molecular weights (MW) were observed to have apparent intraparticle 
diffusion in these batch experiments. The intraparticle diffusion coefficients (Dintra) of high 
MW PAHs were significantly lower than those for low MW compounds. Furthermore, 
significantly lower intraparticle diffusion coefficients were observed in larger particles from 
the Elizabeth River SM compared with those from the York River.
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Introduction
The surface microlayer (SM) is the compartment of an aquatic system through which 
atmospheric loadings are delivered to subsurface waters. Particulates tend to accumulate in 
the SM due to its density and hydrophobicity, and enrichment factors can reach to up 500 
compared to bulk water particulate concentrations (Liu and Dickhut, 1996a). Moreover, 
enrichment factors for hydrophobic organic contaminants such as polycyclic aromatic 
hydrocarbons (PAHs) can be >1000 in the SM relative to bulkwater PAH concentrations (Liu 
and Dickhut, 1996b). Therefore, in order to understand the fate and transport of hydrophobic 
organic contaminants deposited at the air-water interface, it is important to elucidate 
properties such as sorption equilibrium and kinetic rate constants for pollutant partitioning 
to SM particulates.
Sorption on suspended particles and sediment plays a major role in controlling the 
fate and transport of hydrophobic organic contaminants in aquatic environments. In some 
situations where particle-solution contact times are relatively long, the model of equilibrium 
partitioning between the dissolved and sorbed phase are usually appropriate (Wu and 
Gschwend, 1986). However, there is evidence that in some cases sorption/desorption 
processes are sufficiently slow as to invalidate the application of equilibrium models (Wu 
and Gschwend, 1986). Also, in many situations competing processes such as volatilization, 
photodegradation, bioaccumulation and biodegradation may be involved. Consequently, 
only an adequate kinetic model will be effective to evaluate the status of an organic 
contaminant relative to sorptive equilibrium.
A number of models have been developed to simulate particulate sorption/desorption
102
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kinetics. Among them the one-box model, in which the sorption/desorption rate is 
proportional to the concentration difference between the dissolved and particulate phases, 
is the simplest (Oddson, et al, 1970). However, the one-box model does not fit some 
sorption data well, and many experimental observations o f sorption/desorption phenomena 
on geologic solids typically show a rapid initial sorption followed by a much slower uptake 
that may take days or months to reach equilibrium (Karickhoff, 1981; Ball and Roberts, 
1991). Thus, a more complex sorption model that conceptualizes the particulates as 
consisting of two different compartments with one exterior compartment or surface easily 
accessible to solutes, and another inner pool of sorption sites, which is less accessible was 
developed. Karickhoff (1980) used this two step sorption (two-box model) to fit sorption 
data.
Though the two-box model can fit sorption data better than the one-box model, it is 
difficult to quantify all three independent fitting parameters. Thus, Lee et al (1988) described 
another model in which he categorized particulate surface sorption sites as "fast" and "slow" 
relative to chemical uptake. In this model, sorption consists of two physical processes: rapid 
initial uptake by both types of sites and long-term slow uptake by slow sites until 
equilibrium is established. Although, this model fits experimental data well, it is not easy 
to elucidate the physical processes involved or identify the fitting parameters.
Finally, a radial diffusion model was developed and verified by Wu and Gschwend 
(1986) to explain kinetics of sorption of organic contaminants to natural soils and sediments. 
In this model, initial rapid uptake is explained as reversible attachment of solutes onto the 
particle surface and the following slow uptake is proposed to be due to solute diffusion into
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the inner particle through pore fluid held in the interstices of natural aggregates. This 
diffusion is limited or "retarded" by microscale partitioning between the essentially mobile 
phase (pore fluid) and the immobile phase (inner particle surface).
The objective of this study was to investigate the sorption of selected PAHs to 
estuarine surface microlayer particulates from the southern Chesapeake Bay region. 
Particulates from two different rivers, one located in a semirural area and the other located 
in industrial area, were used to examine the spatial difference in sorption kinetics and 
partition coefficients. A first order sorption model was used to interpret the initial rapid 
sorptive uptake, and an intraparticle diffusion model was used to further elucidate the slow 
sorption phase.
Experimental Methodology
Materials. A mixture of 17 PAHs (EPA 610) was purchased from Supelco and the 
solvent was switched from dichloromethane to methanol by evaporation under purified N2. 
Surface microlayer media were sampled at two locations in the lower Chesapeake Bay region 
(Liu and Dickhut, 1996a). In total, five batch experiments were conducted with four media 
from the York River site, which is considered a semirural area. One experiment was 
conducted with SM from the Elizabeth River site, which is a typical urban and industrialized 
site. All the surface microlayer samples were kept in a refrigerator at 10°C for 3-5 days 
before the sorption experiments were conducted.
Sample Characterization. The total suspended particulate (TSP) concentration of 
SM samples used in the sorption experiments was determined by filtering homogenized SM
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through preweighed 47mm glass fiber filter (Gelman Sciences A/E) and drying at 60°C for 
24 h. Filters were then weighed again to determine the net weight, and TSP was calculated 
as the average of three replicates. Wet particle size distributions were determined by sieving 
surface microlayer samples through a series of standard stainless steel sieves (sizes: 3 55,255, 
125,65,25 and 1 pm, Tuler Equivalent). The TSP of the sample was measured after passing 
over each sieve by the same procedure as above, and the mass percentage for each fraction 
for the size range calculated (Table 5.1). The average particulate size was determined using 
the weighted mean method (Folk, 1974). Dissolved organic carbon (DOC) was determined 
using a Shimadzu TOC-500 carbon analyzer. Particulate organic carbon (POC) and nitrogen 
(PN) were determined using a Carlo Erba NA-1500 elemental analyzer.
Specific particle surface areas in three of the SM samples were measured with a BET 
Surface Area Analyzer (Micromeritics). The measurement procedure was as follows: salt 
was removed by centrifuging surface microlayer media at 3000 rpm and rinsing with Milli-Q 
water three times. After the salt was removed, particulates were washed from the centrifuge 
tube with Milli-Q water into a beaker and freeze-dried. The specific surface area was then 
directly measured by use of nitrogen adsorption.
Batch Sorption Methodology. The objective of the sorption experiments was to 
determine the relative distribution of PAHs between the dissolved and sorbed phases, both 
at equilibrium and as a function of time. Surface microlayer media was placed in a 41 amber 
glass bottle and homogenized using a magnetic stir plate before subsampling 50 ml into 
Kimax ampules (Wheaton), such that 3-5 replicates per experimental time point were 
prepared. Subsequently, the ampules were spiked with a concentrated mixture of 17 PAHs
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Table 5.1. Physical and chemical properties of surface microlayer media used for the PAH sorption experiments
TSP size distribution (pm)
Sample Source1 TSP POC f,* DOC PN POC/PN salinity SA2  250-355 125-250 63-125 25-63 1-25
mg/l mg/l % mg/l mg/l % 0 m2/g % % % % %
May 1994 Y.R. 512.4 25.1 5 7.0 2 . 6 9.6 2 0 . 2 n/a3
Aug 1994 Y.R. 170.0 17.7 1 0 11.3 1.3 13.6 2 0 . 8 n/a 0 6.7 7.2 16.5 70.1
Dec 1994 Y.R. 489.2 67.3 14 7.7 8.9 7.6 20.7 13.80 0 . 8 2.7 8 . 1 16.5 71.9
May 1995 E.R. 123.3 13.8 1 1 6.7 0.4 34.5 19.7 3.12 17.6 8 . 6 4.5 1 1 . 8 57.6
Jun 1995 Y.R. 103.9 6.20 6 9.0 0.9 7.0 n/a 11.87 0 0 5.4 8.3 86.3
‘Y.R = York River; E.R. = Elizabeth River
2Surface Area (SA) (m2 /g) measured after salt separation by centrifugalization and dry at 100°C 
3 n/a=not available
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in methanol (25 pi) such that the final methanol concentration was less than 0.08% (v/v). 
Ampules were flame-sealed and placed on a submersible stir plate in a water bath at 20°C.
Quality Assurance. A mass balance was conducted in one experiment to estimate 
PAH sorptive losses to ampule walls, the filtration apparatus and the glass fiber filter. 
Recoveries were 60 to 120% with the exception of naphthalene, for which only about 20% 
was recovered due to its relatively high vapor pressure and presumed losses via head space 
partitioning and volatilization (Table 5.2). Therefore, naphthalene was removed from the 
following discussion. In addition, for most of the PAHs, recoveries showed no significant 
difference between short and long experimental time points (Table 5.2). Analytical 
recoveries for the four deuterated PAH surrogates naphthalene, anthracene, 
benzo[a]anthracene and benzo[a]pyrene added prior to sample extraction were 94±9%, 
113±8%, 98±2% and 97±4%, respectively.
Sample Extraction and Instrumental Analysis. Ampules were removed from the 
stir plate at selected time intervals and vacuum filtered using 1 pm glass fiber filters (Gelman 
Type A/E). After filtration, filters and filtrate were place in a 50 ml Kimax centrifuge tube 
and spiked with a surrogate standard containing deuterated PAHs. The glass filter head was 
rinsed with about 4 ml acetone and 4 ml hexane, and the rinses were added to the filtrate. 
The filtrate was batch-extracted three times by shaking 3 minutes each with hexane (5 ml). 
The filters were sonicated (Mettler, ME4.6) for 30 min in acetone. Subsequently, 20 ml 
Milli-Q water and 5 ml hexane were added such that PAHs were separated from the 
acetone/water mixture. The hexane extracts were then reduced to 5 ml by evaporation under 
prepurified nitrogen. Any remaining water or particulate residue was eliminated by passing
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Table 5.2. Average recovery for PAHs from the Dec 1994 Y.R. 
SM sample sorption experiment
PAHs average recovery* s.d.
naphthalene 22.7 1.3
acenaphthylene 71.2 11.3
acenaphthene 57.2 2 . 6
fluorene 74.2 4.6
phenanthrene 72.3 4.2
anthracene 97.2 6.4
fluoranthene 87.2 13.0
pyrene 96.2 7.9
B[a]A 112.4 5.5
chrysene 99.4 6.7
B[b]F 117.7 6 . 0
B[k]F 1 1 2 . 0 5.8
B[e]P 101.5 4.6
B[a]P 112.4 6.9
I[l,2,3-c,d]P 121.3 1 0 . 2
B[g,h,i]P 103.3 8.9
DB[a,h]A 108.4 14.7
*n=9
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the extracts over anhydrous sodium sulfate (NajSO^.
Each sample was analyzed for 17 PAH compounds and prior to analysis, the extracts 
were spiked with an internal standard mixture consisting of additional deuterated PAHs 
(acenaphthene, phenanthrene, chrysene and perylene). The volume was further reduced to 
about 100 pi under a stream of prepurified N,, and the samples were analyzed for selected 
PAHs using gas chromatography/mass spectrometry (GC/MS) on a Hewlett Packard 5890A 
Series IIGC and 5971A MS operated in the selective ion monitor mode with a 30 m long * 
0.25 mm i.d. DB-5 column (J&W Sci.).
Sorption Models
A number of models have been proposed to explain sorption kinetics of organic 
contaminants on natural particulate matter. Most researchers have treated sorption in 
environmental systems as a rapid equilibrium process such that the contaminant dissolved 
concentration is related to the particulate concentration using an equilibrium isotherm:
^pe = Cde ( 5 . 1 )
where Kp is the equilibrium partition coefficient for the contaminant and Cp,., and Cde are the 
particulate and dissolved concentrations of the chemical at equilibrium, respectively.
A commonly used model of the sorption process describes the kinetic approach to 
final equilibrium by first order processes for both sorptive uptake and desorption 
(Karickhoff, 1980):
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where k, is a first-order rate constant for contaminant sorption to particulates and k , is a 
first-order rate constant describing its desorption from particulates. Cd and Cp are the 
chemical concentrations in the dissolved and particulate phases, respectively, in mass per 
unit volume. For hydrophobic chemicals, desorption is assumed to be relatively much less 
significant than sorptive uptake, therefore the first order sorption model is simplified to:
where Cdi is the initial chemical concentration and k represents the first-order sorption rate 
constant. For this first order model, the final kinetic equation is given by:
where Kj,pp is apparent partition coefficient, at any time (t) prior to equilibrium.
Some sorption data do not fit this first order model, and Karickhoff (1980) proposed 
a two box model. This two-box sorption kinetic model distinguishes two compartments of 
sorbents with a rapid initial sorption followed by a much slower sorption process:
where k2  and k 2  are the first order sorption and desorption rate constants, respectively for the
( 5 . 3 )
l n ( l  +Kapp) = k t ( 5 . 4 )
k, k2  
Cd -  CpI -  Cp 2  
k-i k- 2
(5.5)
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slow process. Since this model considers sorption as a two-step process, and the rapid 
process requires time t„ the kinetic equation is given by:
(Cd l - C a ) = ( C ^ - C ^ )  ( 5 . 6 )
where
( 1 +* Jb  = k . ---------  —  ( 5  7 )
2  (1 +X1K )
and X, is the fraction of total sorbing capacity in the first step. Though the two-box model 
can better describe sorption data compared to the one-box first order model, it has three 
variables k„ k2  and X„ which can not be easily evaluated or estimated for different solids and 
chemicals.
Crank (1975) developed a intraparticle diffusion model for a well-stirred solution of 
limited volume:
D , . b \  t
C
-  = 1 - £ A„e r2 ( 5 - 8) /-» w  n
p e
where Cp and are the sorbed concentration at time t and at equilibrium, respectively, An 
and Bn are coefficients associated with the volume of solution, particle size and partition 
coefficient, Defr is the effective diffusivity of the chemical in the particle matrix and r is the 
average particle radius. The intraparticle diffusion model hypothesizes that the kinetics of 
solution/solid exchange should be described as a radial diffusive penetration of organic
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R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
contaminants into these porous natural particles. Sorbate molecules diffuse through the pore 
fluids held in the interstices of particulate aggregates and their penetration is limited by 
diffusion not by microscale partitioning between mobile (intraparticle pore fluid) and 
immobile (inner particle surface) phases.
The applicability of the radial diffusion model is restricted to systems where rigid 
boundary conditions can be met. Consequently, the size and shape of the particulate phase 
must be well defined. Crank's analytical solution has been used successfully to model 
adsorption kinetics of solutes into sediments and soil (Wu and Gschwend, 1986) and 
monodisperse polystyrene microspheres (Van Hoof, 1989). However, in aquatic 
environments, particles in their natural aggregated state may span several orders of 
magnitude in size. Wu and Gschwend's study (1988) showed that a 20% error will be 
introduced with the particle size distributions ranging one to two orders of magnitude. A 
factor of two error will be introduced if the particle size distribution spans more than two 
orders of magnitude and therefore, a numerical solution would be required to model sorption 
kinetics (Wu and Gschwend, 1988).
Results and Discussion
Apparent Partition Coefficient (K„pp). Apparent distribution coefficients (K^, 
ml/g) were measured as a function of experimental time in the five batch experiments (Table 
5.1) for 16 PAHs. Partition coefficients were determined by:
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where Cp and Cd are the measured concentrations in the particulate (ng/g dry wt) and 
dissolved phase (ng/ml), respectively. Three to five replicates were used to evaluate the 
experimental precision, which was typically <14%, but generally ranged from 0.5 to 4%.
Karickhoff (1984) concluded that sorption of uncharged organic chemicals to natural 
aquatic particulates is dominated by a "hydrophobic interaction". Thus for composite 
particulates, organic matter is the primary sorbing constituent, and particulate organic carbon 
content will significantly affect the partition coefficients. Distribution coefficients 
normalized to particulate fraction of organic carbon (K^pp):
K oc.app  = ^ f E  ( 5 . 1 0 )
oc
where is the particulate fraction of organic carbon (g organic carbon/g dry wt TSP) were 
plotted as a function of sorption time (Figures 5.1-5.3). In general, it can be seen that 
increased rapidly and then slowly approached steady state. Moreover, from these plots, we 
found that in all but the Elizabeth River media (Figure 5.3) and the June 95 York River SM 
media (Figure 5.2), steady state was reached at end of the experiment (150 h).
In the June 95 SM media, although was still slowly increasing during the final 
days of the sorption experiment, it was very close to steady state for most of the PAHs. In 
this case, it is the heavier PAHs (e.g. benzo[a]anthracene, dibenzo[a,h]anthracene) that 
appear to be farther from steady state after 150 h compared with the lower MW PAHs. This 
is consistent with the observations of Swackhamer and Skoglund (1993) for PCB partitioning 
to phytoplankton during periods of rapid growth. Given the POC/PN ratio of SM particulate
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Figure 5.1 PAH distribution between dissolved and particulate phases in May (solid
symbol) and Aug. (open symbol) 1994 SM media of York River
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Figure 5.2 PAH distribution between dissolved and particulate phases in Dec.94 (solid
symbols) and Jun. (Open symbol) 1995 SM media of York River
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Figure 5.3 PAH distribution between dissolved and particulate phases in May 1995 SM
media of Elizabeth River
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matter for this experiment (Table 5.1), it is conceivable that phytoplankton growth rates 
control PAH sorption. For the ER SM media, none of the PAHs reached steady state by the 
end of experiment (Figure 5.3). One plausible reason for this observation may be that the 
Elizabeth River particulates were much larger in size and enriched in organic carbon relative 
to particulates from the York River SM samples (Table 5.1). Particle size is an important 
factor controlling chemical sorption. Larger particles, which have deeper diffusional path 
lengths, need more time to reach equilibrium than smaller particles. A second explanation 
may be due to particle flocculation, which was observed for the Elizabeth River SM sample 
during the sorption experiment. Jepsen et al. (1995) observed a similar phenomena when 
they used sediment suspensions in tap water to investigate desorption kinetics of 
hexachlorobenzene.
PAH sorption on particles is affected not just by the quantity of organic carbon, but 
also by its quality. For example, the K^ . of PAHs to humic material varied by as much as a 
factor of 10. Depending upon the sources of the humic material, the magnitude of K .^ values 
correlated strongly with the degree of aromaticity of the carbon content (Gauthier et al., 
1986; 1987). POC/PN ratio of marine particulate matter reflects the extent of organic matter 
degradation, with higher ratios indicating greater diagenesis and typically, aromaticity of 
organic matter (Stuermer et al., 1978; Young and Weber, 1995). In addition, aromaticity of 
organic matter is associated with source and higher ratio were reported for terrestrial organic 
matter than marine organic matter. Elizabeth River SM particles had a much higher POC/TN 
ratio than SM particulates from the York River (Table 5.1). K ^ ^ 's  of other YR SM, 
values for the PAHs in the Elizabeth River SM media were significantly higher than those
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in the York River SM media (Table 5.3; p<0.01, n=15). Thus the data indicate that 
particulates of the Elizabeth River SM had a higher sorption potential and possibly greater 
aromaticity than the particulates in the York River SM.
Suspended particulate concentration has also been demonstrated to affect apparent 
partition coefficients through a variety mechanisms including: distribution to colloidal matter 
(Gschwend and Wu, 1985; Hassett and Milicic, 1985; Voice and Weber , 1985), particle 
interactions (DiToro et al., 1985; DiToro et al., 1986), and coagulation or aggregation of 
particles (Anderson et al., 1985; Karickhoff and Morris, 1985). O'Connor and Connolly 
(1980) studied the relationship between sorption coefficients and sediment concentration for 
pesticides and found these parameters were power related. Hegeman (1995) studied the 
suspended sediment concentration effect on the apparent partition coefficients of 
phenanthrene and benzo[a]pyrene, and the results showed an inverse linear relationship 
between both compounds' logarithmic partition coefficients and sediment concentration 
(log(Kapp) « 1/TSP), but no quantitative equations were derived. Similarly, for 
hexachlorobenzene, Jepsen et al. (1995) found that at low concentration ranges and short 
time intervals (days), the measured partition coefficient is inversely proportional to the 
sediment concentration (i.e. K_,pp « 1/TSP).
In this study, Ky app was also found to be inversely related to TSP (Figure 5.4). The 
slopes of plots In Koc app vs 1/TSP for PAHs are relatively greater than 0 (p<0.1, n=8 ). In 
addition, the slope of this relation increases with the compound hydrophobicity (Figure 5.4). 
For example, for benzo[a]pyrene (B[a]P) the slope is significantly higher than other two 
PAHs (p<0.05, n=8 ), and the benzo[a]anthracene (B[a]A) slope is relatively higher than
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Table 5.3. Organic carbon normalized distribution coefficients of PAHs at 
steady state in five different SM media1
YR YR
PAHs May94 Aug94
log ^oc log Koc
acenaphthylene 3.88 3.76
acenaphthene 4.04 3.88
fluorene 4.17 4.01
phenanthrene 4.76 4.43
anthracene 4.87 4.52
fluoranthene 5.38 4.83
pyrene 5.49 4.94
B[a]A 5.90 5.50
chrysene 6.05 5.49
B[b]F 6 . 2 0 5.87
B[k]F 6.13 5.87
B[e]P 6.17 5.89
B[a]P 6 . 1 2 5.94
I[l,2,3-c,d]P 6.18 6.13
B[g,h,i]P 6 . 1 2 6 . 0 1
DBfohlA 6.23 6.03
1YR = York River; ER = Elizabeth 
experiment at steady state
YR ER YR
Dec94 May95 Jun95
lOgKoe log ^ log K o c
3.63 4.18 3.61
3.83 4.33 3.85
3.95 4.75 4.08
4.37 5.54 4.53
4.54 5.38 4.68
4.96 5.51 5.06
4.99 5.62 5.15
5.49 6.23 5.89
5.49 6.16 5.82
5.81 6.73 6.29
5.81 6 . 6 8 6.29
5.74 6.65 6 . 2 2
5.79 6.64 6.31
5.85 6 . 8 6 6.51
5.77 6.63 6.45
5.98 6.48 6.58
•; Koc determined from sorption
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Figure 5.4 Relationship between and TSP for selected PAHs in all five sorption media
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fluorene (p<0.15, n=8 ).
Finally, particle specific surface area (SA) may also affect the chemical sorption 
capacity, especially for geological particles, such as sediments and soils (Libelo, 1995). For 
particulates that contain a relatively high percentage of organic carbon, however, little is 
known about the relationship between sorption coefficients and specific surface area. We 
measured the particle surface areas for only three of the SM samples used in this study, and 
for these samples S A covaried with the quality (POC/PN) of the particulate organic matter 
(Table 5.1). Therefore, the effect of particle SA on the apparent coefficients cannot be 
elucidated here.
The Knapp’s at steady state were plotted against their octanol-water partition 
coefficients (K„w) (Figure 5.5), and for PAHs with <5 rings, a linear relationship with slope 
of unity on a log-log plot was observed. For PAHs with 5 and 6  aromatic rings, the K ^ p ’s 
did not increase with K„w and remained relatively constant. As discussed elsewhere (Liu and 
Dickhut, 1996; Brownawell and Achman. 1996), preferential binding of highly hydrophobic 
compounds with colloids may cause the observed relation. This phenomena may also be due 
to sorption nonequilibrium for PAHs with high MW caused by rapid phytoplankton growth 
(Swackhamer and Skoglund, 1991; 1993), or intraparticle diffusion limitation as noted 
above.
Sorption Kinetics. The three sorption kinetics models introduced above treat the 
sorbent differently. For example, the one-box model assumes that the external and internal 
parts of particulates are kinetically similar. In contrast, the two-box model separates 
particulates into two domains one where instantaneous sorption occurs and another where
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Figure 5.5 Relationship between and K„w for PAHs in the York (YR) and
Elizabeth River (ER) SM media
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sorption is slower and rate-limiting. The intraparticle diffusion model assumes that all or 
most sorption occurs inside the particle, therefore the rate of sorption is inversely related to 
particle size or diffusional path length.
Although the intraparticle diffusion model assumes that sorption occurs prodomiantly 
inside the particle, it is practical to allow that some fraction of the sorption capacity may 
equilibrate sufficient rapidly to be considered as instantaneous uptake. Such sorption may 
be associated with sorption by very fine material or with uptake by easily accessible 
particulate surfaces. The mixing that takes place in most batch experiments ensures that bulk 
liquid or film diffusion to particle surfaces is not rate limiting. Weber and Miller (1988), and 
later Miller and Pedit (1992) concluded that in well-mixed batch systems, film resistance of 
lindane and nitrobenzene in solution was insignificant compared to intraparticle diffusion. 
Therefore, the initial rapid particle uptake is not a diffusion-limiting process, but rather is 
particle or chemical property {i.e. of particle or Kow of chemical) related.
In this study, we found that the sorption rate curves were separated into two sections, 
where the first part of the curve for all PAHs exhibited very rapid instantaneous uptake 
followed by slow sorption rates. Further, the instantaneous sorption increased with PAH 
hydrophobicity resulting in about 50% (low molecular weight PAHs) to more than 90% (high 
molecular weight PAHs) of total sorption, and was completed within hours. The fraction of 
chemical that is rapidly sorbed is called labile or the mobile fraction (Karickhoff 1980, Wu 
and Gschwend 1986). In contrast, the nonmobile sorbed fraction is assumed to be slowly 
transported to the internal region of the particulates; chemical in this compartment is usually 
immobile and not available for exchange with the bulk solution.
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First Order Sorption. The first part of the sorption curves was considered to be first 
order uptake. Consequently, initial rate constants were derived by fitting the experimental 
data to equation (5.4) (Figure 5.6 and 5.7) (Table 5.4). The initial rapid uptake is presumed 
to be sorption to fine particulates and particle surface adsorption, therefore, hydrophobic 
interaction between organic contaminants and particle surfaces is expected to play a primary 
role. Sequentially, initial sorption rate constants should be affected by the particle size 
distribution, the organic carbon content ( f^  of particulates, and the compound's 
hydrophobicity.
The initial sorption rate constant (k) increased with PAH K„w (Table 5.4). For the 
initial sorption rate constants of York River SM, there was no significant difference for 
PAHs of acenaphthylene to pyrene. However, for the high MW PAHs, Dec94 and Jun95 SM 
showed significantly (pO.OOl, n=7) greater k values than May94 and Aug94, in which the 
sorption rate constants were very close with exception of B[gh,i]P. In addition, the sorption 
rate constants of high MW PAHs in Dec94 SM were relatively higher than Jun95 SM. There 
were relatively lower POC/PN ratios in Dec94 and Jun95 York River SM than those of 
May94 and Aug94 SM. Higher first order sorption rate constants for high MW PAHs in 
Dec94 and Jun95 SM media may be due to the rapid initial phytoplankton sorptive uptake. 
Moreover, we found that first order sorption rate constants on particles from the Elizabeth 
River are significantly higher (p<0.002, n=l 5) than those in four other York River SM (Table
5.4). This increase in k is most likely associated with the type of organic carbon in the 
particles, since the f^ . of this sample was similar to some of the York River SM samples and 
the TSP size distribution favored larger particles (Table 5.1).
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Figure 5.6 First Order Sorption Model for Selected PAHs in York River SM Media from
August 12,1994.
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Figure 5.7 First Order Sorption Model for Selected PAHs in Elizabeth River SM Media
from May 4, 1995.
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0 3 6  9
Sorption Tim e (h)
♦  phenanthrene y = 0.012x + 0.75 r:
•  B[a]A y = 0.045x + 2.54 r:
12
= 0.99 
= 0.82
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Intraparticle Diffusion. PAH sorption kinetics to particulates of the SM were very 
rapid, and for the high MW PAHs, there was little evidence which might be conceptualized 
as intraparticle diffusion; however, slow sorption that may be interpreted as an intraparticle 
diffusive process, was observed for light MW PAHs (Figure 5.8 and 5.9). 
Consequently, the intraparticle effective diffusion coefficients for relatively low molecular 
weight PAHs were estimated in each sorption system studied. The intraparticle diffusion 
is affected by sorbate molecular volume and sorbent particle size, and is not influenced by 
the initial concentration of sorbate on the particle surface. If the concentration fraction of 
instantaneous uptake (X,)
( 5 . 1 1 )
p e
is treated as a boundary conditions for the diffusion model, equation 5.8 is transformed to:
c
S - = 1 - ( 1 - X t ) e  r ~ ( 5 . 1 2 )
Cpe
which is similar to the equation derived for two box model (Karickhoff and Morris, 1985).
Intraparticle diffusion rate constants (Def/ r )  were estimated by nonlinear regression 
analysis of the experimental data after 24 h using equation (5.12), which was considered as 
intraparticle diffusion, into equation 5.12. Instantaneous uptake fraction (X,) were estimated 
by extrapolating experimental data of intraparticle diffusion section to values at t=0. Defr for 
a chemical is a function of its molecular diffusivity (D,J in water, intraaggregate porosity (n)
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Figure 5.8 Evidence of intraparticle diffusion after a rapid first order uptake of PAHs by
particulate from the York River SM collected in Aug. 1994.
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Figure 5.9 Evidence of intraparticle diffusion after a rapid first order uptake of PAHs by
particulate from the Elizabeth River SM collected in May 1995.
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and density (p), and chemical hydrophobicity (i.e. Kp):
D_n2
D e f f = ~ n ---- i— ( 5. 13)err ( 1  -n)  p K
(Wu and Gschwend, 1986). As expected, Defr decreased with PAH hydrophobicity (Table
5.4). Defr reflects unhindered pore fluid diffusion, sterically hindered pore tunnel diffusion, 
and intraorganic matter diffusion. Therefore, diffusion of PAHs with higher hydrophobicity 
(i.e. higher molecular volume) may be sterically hindered or due to interaction of the 
chemical between the fluid and particle surface.
A particle size effect was also noted for PAHs in this study. Lower intraparticle 
diffusion coefficients were observed for PAHs on particulates from the Elizabeth River SM 
sample compared with particulates from York River SM samples (Table 5.4). Particles from 
the Elizabeth River SM had a much larger average size (r=85.99 pm) compared with 
particulates from the York River SM (r=19.5-23.85 pm). Therefore chemicals need longer 
to approach equilibrium in the larger Elizabeth River particles than the smaller York River 
particles.
Summary
PAH partition coefficients (K^ at steady state were found to be directly related with 
the POC/PN ratio and inversely related to TSP concentration. Overall, K^s of PAHs in 
Elizabeth River SM, in which there is a high POC/PN ratio, were significantly higher than 
those in the York River SM. The sorption kinetics of PAHs to SM particulates were found
131
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to have rapid initial uptake followed by a much slower approach to equilibrium. The initial 
rapid uptake could be considered as a first order labile sorption by particle surfaces. The first 
order rate constants for labile sorption were observed to increase with PAH hydrophobicity.
Although initial uptake for accounted significant fraction of total sorption capacity, 
especially for PAHs with high MW, it was followed by a slow sorption that was observed 
and conceived as intraparticle diffusion. For some PAH compounds with high MW, the 
initial uptake was so dominant, that the intraparticle diffusion was not observed over the 
experimental time frame. For PAHs with relatively low MW, intraparticle diffusion was in 
accordance with expectations based on the intraparticle diffusion model: the diffusion rate 
to equilibrium was greater for smaller size particles and sorbate molecules with lower 
hydrophobicity.
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iii. Experimental Method for PAH Analysis
a), Various Sampling Media Preparation
Glass containers were precleaned with Hexane, acetone, methanol and Milli-Q(R) 
water. Glass fibre filters were ashed at 450°C for 4 h. Sieve (25 pm) was sonicated in 
prepurified water and than rinsed with methanol, acetone and hexane. Amberlite(R) XAD-2 
resin was Soxhlet extracted for 24 h each with methanol, acetone, hexane, dichloromethane 
(DCM-twice), hexane, acetone and methanol respectively. The XAD-2 resin was then rinsed 
several times with purified water.
b), Analyses
Each sample (filter, resin and sieve-retained particle) was spiked with a surrogate 
standard mixture containing deuterated PAHs (naphthrene, anthracene, B[a]A, B[a]P, 
benzo[ghi]perylene (B[ghi]P)). XAD-2 resin were sequentially Soxhlet extracted for 24 h 
each with acetone and followed by hexane. Glass fibre filter and sieve-retained particle 
fraction were sonicated 1 h each with acetone and hexane (twice). All the acetone fraction 
were subsequently batch extracted three times with hexane and purified water to remove 
polar solvents and sequester PAHs in the hexane phase. The resulting hexane fraction was 
combined with the hexane fraction from Soxhlet or sonication extraction, concentrated to = 
5 ml using rotovaporation, and dried over anhydrous NaoS04. Silica column chromatography 
for sample clean-up consisted of packing 10 g of silica (precleaned for 48 h by Soxhlet 
extraction with DCM and activated for 4 h in a drying oven at 150°C) in a hexane slurry into 
a 30 cm long * 11 mm i.d. glass column topped with a 1.25 cm layer of sand (precleaned by 
Soxhlet extraction for 48 h with DCM), rinse the column with 25 ml hexane, adding the
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sample (in 1 ml hexane) to the top of the column, again rinsing the column with 25 ml 
hexane, and slowly (drop/second) eluting the sample from the column with 50 ml of 
hexane/dichloromethane (80:20, v/v). The sample volumes were subsequently reduced to 
= 5 ml using rotovaporation.
Prior to analysis for PAHs, the extracts were spiked with an internal standard mixture 
consisting of additional deuterated PAHs (acenaphthene, phenanthrene, chrysene, perylene), 
and reduce to a volume of -200 pi under a stream of purified N2. The samples were 
subsequently analyzed for selected PAHs using gas chromatography/mass spectrometry 
(GC/MS) on a Hewllet Packard 5890A Series IIGC and 5971A MS operated in the selective 
ion monitoring mode with a 30 m long * 0.25 mm i.d. DB-5 column (J&W Sci.). GC/MS 
conditions for sample analysis were as follows: injector temperature, 300°C; detector 
temperature, 310°C; splitless injection with purge valve turned on at 2 min; initial column 
temperature, 50°C for 1 min; increased to 150°C at 25°C min'1; increased to 230°C at 6 °C 
min'1; increased to 300°C at 3°C min ' 1 and held for 3.33 min. A standard mixture (EPA 
Method 610-Supelco) supplemented with benzo[e]pyrene (B[e]P) was used to generate PAH 
response factors relative to the deuterated standards. Minimum detectable quantities 
(MDQs) for each compound were determined from the smallest quantity injected into the 
GC/MS which provides the signal to noise ratio >3. These quantities normalized to sample 
size gave median value for the limits of detection (LODs) for the PAHs ranging from 0.004 
to 0.04 ng 1 in SMs. Compounds were considered not quantifiable if the concentration was 
less than three times the blank concentration or LOD, whichever was greater.
Individual PAHs were quantified relative to the closest eluting PAH surrogate
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standard, therefore, PAH concentrations were automatically corrected for recovery. Average 
recoveries for deuterated PAHs from various sampling media are listed in Appendix iv.
151
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iv. Average Recoveries (%) for Surrogate PAHs from Surface Microlayer Samples 
and Blanks
PAHs
dg-aaphtbalene 
d10-anthracene 
d 1 2 -B[a]A 
d 1 2 -B[a]P
152
Siev Fraction (size >25 jtm) GF (size > 1 /xm) XAD-2 resin 
n=13 n=20 n=20
55.7 ±12.1 54.2 ±14.9 51.8 ±12.9
100.2 ±14.9 104.8 ±18.5 81.6 ±  8.1
117.0 ±12.1 115.1±12.3 81.6 ±13.7
94.3 ±7.0 93.4 ±7.9 81.6 ±13.7
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Table 2.Dissolved concentrations of PAHs (ng/liter) in surface microlayer of
York River
compounds May 24 Aug 12 Oct 6 Dec 6 Dec 6 Dec 8
1994 1994 1994 1994 1994 1994
na ph th ren e 3 1 . 1 0 6 2 4 . 8 1 8 3 5 . 1 2 7 16 3 .696 4 7 . 4 3 7 3 6 . 4 5 1
a c e n a p h t h y l e n e 0 . 4 7 8 0 . 2 8 4 0 . 6 1 6 3 . 779 1 . 8 9 4 2 . 0 0 8
a c e na p h th en e 1 . 8 3 4 0 . 8 1 7 0 . 5 6 3 8 .368 3 . 1 4 9 1 .8 98
f l u o r e n e 2 . 8 2 6 1 . 7 8 7 2 . 2 8 7 10 .206 4 . 4 7 9 4 . 4 2 1
phe na n th ren e 1 2 . 6 2 2 1 0 . 7 9 7 12 .2 63 42 .277 1 7 . 8 0 4 3 0 . 2 4 2
a n t h r a c e n e 1 . 1 9 1 0 . 7 9 6 1 . 6 5 0 2 . 379 1 .0 05 1 .768
f l u o r a n t h e n e 3 . 7 1 1 9 . 5 3 7 4 .4 08 14.857 6 . 7 2 0 7 . 3 4 4
p y re n e 1 . 9 7 6 4 . 1 3 7 2 . 2 1 5 13.154 5 . 8 4 3 4 . 7 9 3
B [a]  A 0 . 1 5 6 0 . 4 4 6 0 . 2 3 9 1 .314 0 . 6 5 6 0 . 2 4 8
c h r y s e n e 0 . 3 9 7 1 . 4 2 8 0 . 7 3 0 3 .2 41 1 . 4 6 6 0 . 8 7 4
B[ b ]F 0 . 2 3 5 1 . 0 7 1 0 . 5 4 8 1 . 481 0 . 5 7 4 0 . 2 0 7
B[ k ]F 0 . 1 1 7 0 . 5 4 8 0 . 2 4 0 1 .327 0 . 4 8 5 0 . 1 8  6
B [ e ] P 0 . 1 6 9 0 . 0 8 1 0 . 5 7 1 1 .263 0 . 5 7 7 0 . 1 5 1
B[a]P 0 . 0 7 3 0 . 7 4 1 0 . 0 6 0 0 .598 0 . 1 7 6 0 . 5 8 9
p e r y l e n e 0 0 . 0 6 4 0 0 0 0
I [ 1 2 3 - c d ] P 0 . 0 8 6 0 . 3 5 9 0 . 11 4 0 .5 71 0 . 2 1 7 0 . 0 3 7
B [ g , h , i ] P 0 . 2 1 1 0 . 5 1 8 0 . 1 6 2 0 .738 0 . 468 0 . 0 8 9
D [ a , h ] A 0 0 0 0 .104 0 0 . 1 1 5
Dec 9 Feb 10 Apr 12 Jun 6 Jun 6 Jun 8 Jun 8
n ap h th ren e 35 . 343 5 1 . 2 18 4 1 . 5 5 1 3 1 . 3 6 3 46.652 6 0 . 7 6 9 48 .437
a c e n a p h t h y l e n 0 . 5 5 2 5 . 59 5 0 . 7 9 1 0 . 23 8 0 . 729 2 . 5 98 3 . 3 4 2
ac e na p h th en e 2 . 4 5 6 3 .8 78 1 . 4 2 9 0 . 8 0 0 1 .269 8 . 0 2 9 1 7 . 8 22
f l u o r e n e 4 . 8 6 4 6 . 82 7 2 . 5 2 5 0 . 8 3 2 1 .553 3 . 1 0 9 1 . 0 90
ph e na n th re ne 20 .8 98 3 . 3 3 8 1 3 . 0 5 8 5 . 5 2 1 10 .804 2 2 . 2 2 1 1 3 . 5 0 9
a n t h r a c e n e 1 . 585 1 . 133 0 . 9 0 8 0 . 3 4 9 1 .206 1 . 3 3 1 1 .1 55
f l u o r a n t h e n e 7 . 0 7 1 6 .415 6 . 1 7 8 3 . 1 7 3 4 .873 1 1 . 6 8 9 6 . 9 04
p y re n e 4 . 89 2 2 . 5 5 9 3 . 9 4 3 1 . 6 4 9 4 .4 06 7 . 8 1 0 3 . 7 2 3
B [a] A 0 . 2 2 1 0 . 25 7 0 . 2 7 5 0 . 0 1 8 0 .770 0 . 2 8 2 0 . 1 5 7
c h r y s e n e 0 .6 38 0 . 3 3 0 1 . 0 8 2 0 . 1 7 6 1 .175 0 . 93 3 0 . 3 6 2
B [b] F 0 . 1 8 3 0 .1 48 0 . 2 9 8 0 . 0 2 4 0 .808 0 . 228 0 .0 8 8
B [k] F 0 . 1 8 6 0 . 13 7 0 . 1 9 2 0 . 0 2 2 0 . 699 0 . 19 8 0 . 0 9 1
B [e]  P 0 . 1 4 7 0 . 2 1 4 0 . 2 6 5 0 . 0 1 9 1 .045 0 . 2 3 1 0 . 0 9 6
B [a]  P 1 . 1 44 0 . 8 8 1 0 . 0 6 3 0 . 0 4 9 0 .138 0 . 07 7 0 .0 1 8
p e r y l e n e 0 0 0 0 . 5 9 0 . 02 1 0 .0 5 0 0
X [1 2 3- cd ]P 0 . 0 24 0 . 0 5 1 0 . 0 8 6 0 . 0 1 0 0 . 057 0 . 1 2 3 0 . 1 8 3
B [ g , h , i ] P 0 . 0 3 7 0 . 0 93 0 . 1 3 3 0 . 0 1 6 1 .042 0 . 2 3 2 0 . 3 4 5
D [a,  h] A 0 0 0 . 0 5 6 0 . 0 0 8 0 . 069 0 . 0 3 1 0 . 0 4 6
1 5 5
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Table 3. Particulate concentrations of PAHs (ng/liter) in surface microlayer of
Elizebath River
J u l y 15,  94 S e p t 8 ,  94 Nov 12,  94
compounds >25pm l-25|om >25pm l-25pm >25pm l- 2 5 p m
naphth ren e 1 .8 78 2 .3 71 3 2 . 9 2 3 1 5 . 3 6 4 2 . 3 0 4 2 . 6 8 1
a c e n a p h t h y le n e : 1 . 0 8 5 1 .713 2 . 0 8 3 1 . 0 0 7 0 . 1 6 5 0 . 1 9 5
ace na p h th en e 0 . 4 1 9 0 .459 1 4 . 2 0 2 4 . 3 0 2 0 . 6 4 3 0 . 5 0 0
f l u o r e n e 0 . 7 1 1 0 .854 1 3 . 4 5 9 5 . 2 6 4 0 . 8 8 6 1 . 0 0 0
ph e na n th re ne 1 3 . 7 1 7 7 .298 1 47 . 1 1 7 4 4 . 1 6 8 9 . 3 3 1 5 . 8 7 2
a n th r a c e n e 2 . 7 5 6 4 .300 6 . 9 3 4 5 . 2 0 5 0 . 9 3 9 0 . 9 7 5
f l u o r a n t h e n e 5 2 . 7 8 8 44 .803 1 6 5 . 8 9 9 8 0 . 0 2 5 1 0 . 5 3 6 6 . 3 8 2
pyrene 3 9 . 8 4 8 39 .155 11 6 . 4 7 3 4 7 . 0 9 5 1 0 . 0 1 6 6 . 3 0 9
B [a] A 9 4 . 5 1 5 138 .229 5 3 . 4 6 3 2 2 . 5 9 8 3 . 3 5 7 2 . 9 2 1
c h r y s e n e 1 7 1 . 7 7 2 253 .592 1 05 . 3 5 4 5 2 . 5 7 3 6 .3 0 7 5 . 2 4 7
B[b]F 4 1 2 . 8 0 1 45 1 . 18 1 9 3 . 9 1 3 6 8 . 8 9 9 6 . 2 3 6 8 .960
B[k]F 1 6 0 . 7 5 2 194 .3081 5 3 . 8 1 3 3 9 . 3 3 3 4 . 4 8 1 5 . 7 0 4
B[ e ]P 2 1 5 . 5 8 8 23 5 .933 7 8 . 7 1 9 4 9 . 8 8 9 5 . 9 9 1 8 . 7 5 9
B [a] P 1 9 . 9 3 3 20.515 1 7 . 6 1 6 2 0 . 4 5 4 3 . 6 4 4 3 . 8 7 4
p e r y l e n e 2 . 9 8 3 4 . 217 7 . 5 3 7 8 . 1 9 6 0 . 9 5 3 1 . 4 6 2
I [ 1 / 2 , 3 - c ,  d] P 8 7 . 3 3 9 106 .386 4 6 . 9 8 8 2 9 . 4 4 7 3 . 7 6 9 5 . 5 5 4
B [ g , h , i ] P 4 6 . 2 0 6 53 .96 1 5 0 . 4 7 0 2 6 . 5 5 1 4 . 9 8 9 8 . 6 4 2
D [a , h ] A 2 3 . 7 8 0 32 .664 9 . 6 0 6 6 .9 63 0 . 8  63 0 . 7 7 3
Jan 9, 95 Mar 12 ,  95 May 4,  95
25pm
>25pm l-25pm >25pm l-25 pm >25pm 1-
n aph thr en e 2 1 . 2 4 0 5 .419 3 . 7 7 0 2 . 5 6 1 4 3 . 3 5 3 1 7 . 4 3 5
a c e n a p h t h y l e n e 3 . 3 8 6 1.614 1 . 0 0 9 1 . 3 3 6 5 . 7 3 7 3 . 0 8 8
ac e na p h th en e 1 0 . 7 28 1 .520 1 . 0 0 5 0 . 6 7 5 8 . 8 9 1 3 . 6 1 7
f l u o r e n e 1 1 . 9 1 2 1 .782 1 . 0 0 6 0 . 7 7 4 9 . 0 6 5 4 . 3 4 5
ph e na n th re ne 1 3 4 . 8 6 0 21 .857 14 .0 08 7 . 1 0 9 77 .6 78 2 6 . 6 6 6
a n th r a c e n e 2 6 . 8 6 0 4 .798 2 . 0 0 9 1 .7 02 1 1 . 49 0 4 . 4 7 9
f l u o r a n t h e n e 1 7 1 . 8 9 2 36 .000 2 0 . 0 4 7 1 5 . 0 4 1 1 40 . 90 5 4 8 . 5 1 0
pyrene 1 5 0 . 8 2 4 31 .224 1 7 . 4 5 1 1 2 . 357 1 17 . 77 3 4 1 . 9 7 3
B [a] A 4 1 . 3 6 5 11.844 5 . 3 8 9 3 . 8 9 5 2 1 . 7 5 0 1 3 . 3 6 9
ch ry s en e 7 8 . 3 9 6 19 .595 1 1 . 88 0 7 . 4 8 3 5 5 . 4 6 6 2 9 . 8 2 0
B [b] F 6 5 . 7 5 8 23 .742 1 0 . 0 4 1 8 . 8 7 4 5 6 . 8 1 7 2 5 . 4 7 5
B[k]F 3 4 . 0 4 2 14.288 6 . 3 1 2 6 . 00 3 3 3 . 2 9 8 1 5 . 6 0 4
B [e]  P 4 8 . 2 6 5 17 .066 8 . 0 4 7 6 . 5 5 1 4 0 . 6 9 3 2 2 . 9 2 4
B [a]  P 3 4 . 3 6 3 10 .377 5 . 7 2 0 3 . 8 0 5 1 2 . 5 7 9 9 . 1 3 3
p e r y l e n e 9 . 6 2 1 3 .0 69 1 . 5 8 9 2 . 5 9 0 4 .6 98 4 . 1 8 0
I [ l , 2 , 3 - c , d ] P 3 7 . 8 0 5 14.421 7 . 2 2 5 5 . 3 4 4 1 5 . 81 3 1 1 . 2 6 1
B [ g , h , i ] P 4 2 . 7 9 3 14 .436 8 . 6 7 7 5 . 2 1 3 1 9 . 5 9 4 1 4 . 5 1 1
D [a ,h ]A 7 . 7 9 3 2 .555 1 . 3 9 3 1 .0 14 4 .1 8 2 2 . 0 4 6
1 5 6
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Table 4. Dissolved concentrations of PAHs (ng/liter) in surface microlayer of
Elizebath River
compounds J u l y  15 S ep t  8 Nov 12 Jan 9 Mar 11 May 4
naphthrene 2 2 . 9 5 1 2 7 .1 75 2 7 . 9 4 3 4 1 .5 56 2 3 . 9 4 4 4 0 . 9 8 6
a c e n a p h th y le n e 0 . 5 6 2 0 . 2 6 1 0 . 9 4 2 3 . 84 8 1 . 5 4 8 0 . 8 3 1
acenaphthene 7 . 1 1 4 2 . 6 7 1 4 . 3 9 2 7 . 80 2 5 . 1 5 8 1 . 3 5 1
f l u o r e n e 6 . 9 7 1 3 .8 0 3 3 . 7 3 4 6 .7 47 4 . 3 1 0 1 . 8 2 7
phenanthrene 5 0 . 5 9 1 2 1 . 20 8 1 0 . 2 8 0 2 7 .4 2 2 1 6 . 0 4 2 7 . 5 8 2
a n th ra c en e 4 . 6 2 9 1 .962 2 . 3 6 8 4 . 2 0 7 1 . 2 3 1 0 . 9 0 7
f l u o r a n t h e n e 2 1 1 . 3 0 2 1 9 .7 97 1 3 . 4 6 5 2 7 . 5 5 4 1 5 . 5 7 7 1 1 . 0 3 3
pyrene 1 4 5 . 2 7 6 1 0 . 9 8 1 9 . 9 9 1 2 1 .3 2 7 1 0 . 1 0 0 7 . 7 5 9
B [a] A 10 5 . 9 0 5 0 . 9 8 7 0 . 6 2 9 1 .2 79 0 . 4 4 7 0 . 4 2 3
ch ry s en e 2 1 6 . 0 7 4 4 .458 1 . 9 6 1 3 . 4 55 1 . 2 6 7 1 . 2 8 7
B [b] F 8 2 . 7 9 1 4 . 2 3 9 1 . 3 3 6 1 .832 0 . 2 6 3 0 . 3 4 2
B [k] F 4 4 . 5 8 0 2 . 2 7 4 0 . 3 7 4 1 .007 0 . 2 0 3 0 . 2 4 4
B [e] P 4 2 . 3 1 9 2 . 0 0 5 1 . 1 2 3 1 . 3 7 6 0 . 2 1 2 0 . 2 9 0
B [a] P 2 . 4 7 4 0 .1 94 0 . 1 6 8 0 . 1 6 9 0 . 0 4 3 0 . 0 5 1
p e r y l e n e 0 . 2 3 4 0 0 0 0 . 0 2 3 0 . 1 0 5
I [ l , 2 , 3 - c , d ] P 2 . 3 5 3 0 . 3 6 2 0 . 1 1 1 0 . 1 2 1 0 . 0 4 6 0 . 0 7 6
B [ g , h , i ] P 1 . 2 5 6 0 . 3 0 6 0 . 2 4 3 0 .1 85 0 . 0 5 6 0 . 1 1 9
D [ a ,h ] A 0 . 8 7 0 0 . 0 5 7 0 . 0 2 5 0 .0 37 0 . 0 1 4 0 . 0 4 7
Table 5. Summary of lab blanks for particulate PAHs
PAHs Particulate average Blank average Error 
PAHs (ng, n=36) PAHs (ng, n=4) (%)
naphthalene 256.163
acenaphthylene 78.057
acenaphthene 154.981
fluorene 121.583
phenathrene 1417.671
anthracene 154.978
fluoranthene 1667.969
pyrene 1592.620
benzo[a]anthracene 750.511
chrysene 1030.141
benzo[b]fluoranthene 1577.022
benzo[k]fluoranthene 790 .232 
benzo[e]pyrene 1046.995
benzo[a]pyrene 693.454
peryllene 237.384
indeno[123-cd]pyrene 929.779
benzo[g,h,i]perylene 952.422
dibenzo[a,h]anthracene 180.271
6 .655
0.043
0.294
0.529
1.400
0.839
0.492
0.594
0
0
0.214
0.286
0.056
0.061
0
0.096
0.199
0.204
2 . 6
0
0 . 2
0.4
0 .
0 .
0
0
0
0
0
0
0
0
0
0
0
0 .
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vi. TSP, POC, PN and DOC concentration, and POC/PN ratio in York 
and Elizabeth River SMs
(York River SM)
Sampling Date TSP POC PN DOC POC/PN
May 24,1994 512.4 25.1 2.56 7.0 9.8
August 12,1994 170.0 17.7 1.32 11.3 13.4
October 6 , 1994 59.1 3.5 0.33 5.2 1 0 . 6
December 6,1994 1499.5 166.4 21.50 20.4 7.7
December 6,1994 489.2 67.3 8 . 8 6 7.7 7.6
December 7,1994 26.2 0.9 0.06 4.4 15.7
December 9,1994 107.6 3.8 0.48 6 . 0 7.9
February 10,1995 38.3 0.9 0.08 13.6 11.4
April 12,1995 47.4 4.8 0.34 5.3 14.1
June 5,1995 20.3 1 . 0 0.13 4.2 7.8
June 5, 1995 103.9 6 . 2 0.90 9.0 7.1
June 8 , 1995 72.8 4.3 0.45 5.7 9.6
June 8 , 1995 2 2 . 8 1.3 0.16 4.1 8 . 1
(Elizabeth River SM)
July 15, 1994 67.7 7.1 0.39 4.65 18.0
September 8 , 1994 57.8 8 . 1 0.34 9.97 23.9
November 12,1994 21.7 1.5 0.08 4.34 18.7
January 9,1995 44.7 4.3 0.34 4.99 12.7
March 12, 1995 31.3 3.0 0.37 5.90 8 . 1
May 4,1995 123.3 13.8 0.40 6.74 34.9
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vii. Low and High Tide Time and SM Sampling Time
York River
Sampling Date
May 24, 1994 
August 12, 1994 
Octobers, 1994 
Dec 6, 1994 
December 7 1994 
December 9 1994 
Feburary 10 1995
Time (h) Tide Height SM Sampling Time (h) 
(cm)
2.1 -12 10.6-12.5
8.05 82
14.05 -12
20.5 104
0.1 85 8.5-11
6.3 0
12.7 94
19.1 6
3.15 -3 8.5-12
9.5 113
15.9 -3
21.9 94
Sample 1
5.2 -12 9.5-10.5
11.5 91
18 -9
0 76 9-11
6.1 -6
12.4 85
18.9 -6
1.9 73 8-11
8.1 3
14.2 73
20.7 0
5.1 67 9-12
11.6  12
17.3 58
Sample 2 
10.7-12.5
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April 12 1995
June 51995
June 81995
23.5
0.1 6 10-13
6.25 79
12.5 6
18.7 85
Sample 1 Sample 2
1.2 76 7.7-10 10.3-12.5
7.6 9
13.8 73
20 15
Sample 1 Sample 2
4 73 9-11 11.5-14.5
10.2 3
13.8 85
23.2 6
160
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Elizabeth River
Sampling Date Time (h) Tide Height (cm) SM Sampling Time(h)
July 15 1994 1.3 76 10-13
7.5 0
13.9 85
20.4 6
September8 1994 4.3 -3 9.7-12.5
10.6 107
17 0
23 91
November 12 1994 4.5 79 9.5-12.5
10.7 12
16.8 76
23.05 6
January 9 1995 3.15 67 10-13.5
9.5 6
15.3 58
21.5 0
March 12 1995 5.2 73 10-13
11.7 12
17.6 67
23.8 9
May 4 1995 6.04 12 9.5-12
12 70
18 12
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
VITA
Kewen Liu
Bom in Yongjia, Zhejiang Province, China November, 1963. Graduated from Yongjia No. 
1 High School 1981. Earned a B.E. in Chemical Engineering from East China University 
of Chemical Technology (now East China University of Science and Technology) in 
Shanghai, China, July, 1987. Received M.S. in Geochemistry from Qingdao University 
(Shangdong Province) and Second Institute of Oceanography of State Oceanic 
Administration (Hanzhou, Zhejiang Province) in July, 1990. Worked as a research scientist 
in Hangzhou Institute of Pharmaceutical Industry 1990 to 1991. Entered the doctoral 
program in Marine Science at Virginia Institute of Marine Science, the College of William 
and Mary in 1991.
162
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
